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PREFACE TO THIS PRINT 


“Fundamentals of Mechanical Engineering” is nothing but a summarization of 
all basic subjects belongs to mechanical engineering. Most of the cases the 
readers as well as users of this book are a job seeker. All the organizations 
justify the applicants through a hard and strategic recruiting exam. Considering 
the competitive exams, this book is being revised at every print. In the very last 
print many new topics, new mathematical problems and latest recruitment exam 
question-solutions have been added. 

Now it is divided into two volumes. Volume I contains chapter wise discussion 
with a lots of mathematical problem solutions based on job exam. 

Hopefully, the new additions will satisfy the readers. It is not possible to omit 
unexpected errors, please notify me your suggestions for the improvement. 


- Emran Hossain 


PREFACE TO THE THIRD EDITION 


It’s just a revised edition of the “Fundamentals of Mechanical Engineering” 
book including more updated recruitment exam questions. 


PREFACE TO THE SECOND EDITION 


By the grace of Almighty Allah the 2™ edition of “Mechanical Engineering Job 
Preparation” has been published as “Fundamentals of Mechanical Engineering”. 
This book has been designed to emphasizing on the basics of Mechanical 
Engineering. Contents have been arranged in chapter-wise and are put together 
for the better preparation in any competitive examination. In this edition, 200+ 
Mathematical problems with solutions and Solutions of recent recruitment 
examinations have been added. 


I wish to express my sincere thanks and gratitude to all my friends, juniors, 
seniors and well-wishers for their valuable suggestions and efforts for the 
publication of this edition. 


This carefully prepared and reviewed book may contain some errors. The 


author will be thankful to the readers for bringing them to his notice and these 
will be rectified in next edition. 


- Emran Hossain 


PREFACE TO THE FIRST EDITION 


It is really a matter of pleasure to represent the new treatise named “Mechanical 
Engineering Job Preparation” — a guide to take preparation for all kinds of 
recruitment examination pertinent to Mechanical Engineering. The story behind 
this book is to provide a complete idea about the competitive recruitment 
examination as it is very rare to find out a book that provides proper assistance 
in this crucial stage. 


I wish to express my sincere thanks to all of my friends, seniors and juniors for 
sending their valuable suggestions and for giving effort behind the publication 
of this book. 


Any errors, omissions and mistakes, for the improvement of this volume 


brought to my notice, will be thankfully acknowledged and rectified in next 
edition. 


- Emran Hossain 
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Chapter- 


Thermodynamics 


1.1 Definition of sensible heat, specific heat and latent heat, 1.2 Zeroth law, First 
law, 2" law and 3" law of thermodynamics, 1.3 Entropy, Properties (intensive & 
extensive), sate, process, thermodynamic equilibrium, thermodynamic system, 
surroundings and cycle, 1.4 Draw P-V and T-S diagram of Otto cycle, diesel 
cycle, Stirling cycle, dual cycle and Joule cycle, 1.5 Deference between a heat 
engine, refrigerator and heat pump, 1.6 Boiler/ steam generator, 1.7.1. Boiler 
mountings and accessories, 1.7.2. Equivalent evaporation, 1.7.3. Boiler draught, 
1.8 Deference between fan, blower, compressor and pump, 1.9 Principle of nozzle 
and diffuser,’1.10 Cooling towers, 1.11 CNG, LNG and LPG, Mathematical 
Problems, Practice Problems. 
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1.1 Definition of sensible heat, specific heat and latent heat 
Sensible Heat: Sensible heat is the energy transferred as heat that will change the 
temperature of a substance with no change of phase. The sensible heat of a thermodynamic 
process may be calculated by the equation- 
Qsensible = MSAT ; Where, m = body’s mass; s = specific heat capacity and AT = change in 
Temperature. 
Latent Heat: The heat which brings about a change of state with no change in temperature is 
called latent heat. . 
For ice 335 KJ/kg -— 
For vaporization 2257 KJ/kg 

Specific Heat: The specific heat of a substance may be broadly defined as the amount of heat 
required for raise the temperature of a unit mass of any substance through one degree. 


1. roth law, First law, 2" law and 3" law of thermodynamics. 
eroth Law of Thermodynamics: When two systems are each in thermal equilibrium with 

a third system, then the two systems are also in thermal equilibrium with one another. 
First Law of Thermodynamics: a) The heat and mechanical work are mutually convertible. 
i.e. $dQ= $dw 

-b) The energy can neither be created nor destroyed though it can be transformed from one to 
another form. i.e. SQ—5W= 5E 
Second Law of Thermodynamics: 
Kelvin-Planck Statement: It is impossible to construct an engine working in a cyclic 
process whose sole purpose is to convert heat energy into an equivalent amount of work. 
Clausius Statement: It is impossible for a self-acting machine working in a cyclic process to 
transfer heat from a body at a lower temperature to a body at a higher temperature without 
the aid of an external agency. 
(hird law of thermodynamics: The entropy of a perfect crystal at absolute zero is exactly 
equal to zero. 


1.3 Entropy, Properties (intensive & extensive), sate, process, thermodynamic 
equilibrium, thermodynamic system, surroundings and cycle. : 
Entropy: The measure of the level of disorder in a closed but changing system, a system in 
which energy can only be transferred in one direction from an ordered state to a disordered 
state. Higher the entropy, higher the disordered and lower the availability of the system’s 
energy to do useful work. The change of entropy is expressed as— 


ds = a. Where, ds = change of entropy. 


Properties: Any characteristics of a system in equilibrium is called a property, the property 
is independent of the path used to arrive at the system condition. 
Some thermodynamic properties are pressure P, T, V and m. 
Properties — 2 types (i) intensive 
(ii) Extensive 
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(i) Intensive Properties: Intensive properties are those that are independent of size such as 
T, P, age, color or any mass independent property. 

(ii) Extensive Properties: Extensive properties are those that vary directly with the extent of 
the system. These properties depend on the mass of the system. Some extensive properties- 
mass, volume, total energy or any mass dependent property. 

Thermodynamic Process: When a system changes its state from one equilibrium state to 
another equilibrium state then the path of successive states through which the system has 
passed, is known as a thermodynamic process. 

All thermodynamic process are classified into the following two groups- 

(i) Non-flow processes 

(ii) Flow processes 

Non-flow process is classified into four classes. 

a) Constant volume process (or Isochoric process) 

b) Constant pressure process (or Isobaric process) 

c) Constant temperature process ( or Isothermal process) 

d) Adiabatic Process (or Isentropic process) 

Represent the following processes on P-V and T-S diagrams: 

(i) Constant pressure process (ii) adiabatic process. 


P=constant 


—~-—————____-—-¢ P = constant 


| oe 
“cp tehe preaese Adiabatic process 


_—>V —>S 
(a) P-V diagram (b) T-S diagram 


Represent the following processes on P-V and T-S diagram: 
(i) Constant volume process (ii) Constant temperature process. 
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(a) P-V diagram (b) T-S diagram 
State: The state of a system (when the system is in equilibrium) is the condition of the 
system at any particular moment which can be identified by the statement of its properties 
such as pressure, volume, temperature etc. 
Thermodynamic equilibrium: A system is said to be thermodynamic equilibrium if it 
maintains thermal (No temperature difference between the system and surroundings), 
mechanical (there is no unbalanced forces), chemical (No chemical reaction within the 
system and no movement of any chemical constituent) equilibrium. 
Thermodynamic System: The thermodynamic system may be broadly defined as a definite 
area or space where some thermodynamic process is taking place. 
Surroundings: A little observation will show that a thermodynamic system has its 
boundaries and anything outside the boundaries is called its surroundings. 


SURROUNDINGS 


1.4 Draw P-V and T-S diagram of Otto cycle, diesel cycle, Stirling cycle, dual cycle and 
Joule cycle. 

Otto Cycle: 

Otto cycle consists of two isentropic and two isochoric processes. Heat is supplied and heat 
is rejected by the cycle during isochoric process. 
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s 


Pressure-volume and Temperature-entropy diagram for the air-standard Otto cycle 
Where, 
1-2: Adiabatic compression 
2-3: Isochoric/constant volume heat addition 
3-4: Adiabatic expansion 
4-1: Isochoric heat rejection 
Heat supplied during constant volume process 2-3 
Q, = mC,(T3 — T2) 
Heat rejected during constant volume process 4-1 
Qr = mC,(T, — T,) 
The thermal efficiency of this cycle can be written as 
Efficiency, 7 
— Qs = Qe _ e Ty 
Qs; T2 
Diesel Cycle: 
The air-standard diesel cycle is shown on P-V and T-S diagrams respectively. This is the 
ideal cycle for the diesel engine, which is also called the compression ignition engine. 
This cycle consists of two reversible adiabatic, one reversible isobaric and one reversible 
isochoric process. 


P fo, 


Ss 


Pressure-volume and Temperature-entropy diagram for the air-standard Diesel cycle 
Basic processes in diesel cycle 

1-2: Reversible adiabatic compression 

2-3: Constant pressure heat addition 
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3-4: Reversible adiabatic expansion 
4-1: Constant volume heat rejection 
Thermal efficiency: 


Qu Cy(T, — Ti) 
Mn = 1-50 1-2 
Qu C,(T3 — Tz) 

1 _pY-1 


eS Ey eee 
Nth ry-1 Ce ee 1! 
: ; Vv 
Where, Compression ratio, r = = 
2 
Expansion ratio, r = vs 
V3 
3 


Cut off ratio, p = = 
2 


The normal range of compression ratio for diesel cycle is 16 to 20 whereas for spark-ignition 
engines it is 6 to 10, due to high compression ratios used in diesel engines the efficiency of a 
diesel engine is more than that of a gasoline engine. 

Brayton Cycle/Joule Cycle: 

The air-standard Brayton cycle is a theoretical cycle for gas turbines. This cycle consists of 
two reversible adiabatic or isentropic processes and two constant pressure processes. 
This thermodynamic cycle is represented on P-V and T-S co-ordinates, is similar to diesel 
cycle in compression and heat addition. The isentropic expansion of Diesel cycle is further 
extended followed by constant pressure heat rejection. 


P-V and T-S diagram for the air-standard Brayton cycle 
Where, 
1-2: Isentropic process 
2-3: Isobaric process 
3-4: Isentropic Process ' 
4-1: Isobaric process 
Thermal Efficiency can be calculated by the formula, 
Ty 1 
iit aloe 
T. Pars 
2 DY 1/y 


Where y is the specific heat ratio C,/Cy. 
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Stirling cycle: 
Stirling cycle consists of two isothermal and two isochoric processes. Heat rejection and heat 
addition takes place at constant temperature. 


P| 3 7 


Where, 
1-2: Isothermal compression 
2-3: Constant volume heating 
3-4: Isothermal expansion 
4-1: Constant volume cooling 
From the P-V and T-S diagram of Stirling cycle it is clear that the amount of heat addition 
and heat rejection during constant volume is same. 
Heat supplied = Work done during isothermal expansion 
V V 

Q3-4= PsVsIn = mRTs In 

Heat rejected by the air during isothermal compression 
V. V. 

Qi = PVilng = mRT In 
Work done = heat supplied — heat rejected 
Efficiency can be given by the formula 

Nth = 1—- tL 

Dual Combustion Cycle: 
This cycle is a combination of Otto and Diesel cycles. It is sometimes called semi-diesel 
cycle. In this cycle, heat is absorbed partly at a constant volume and partly at a constant 
pressure. 
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P 4 T Constant 


Pressure 


2 isentropic 
Constant 
1 Volume _ 
Vv ~ § 


Where, 

1-2: Reversible adiabatic or isentropic compression 
2-3: Constant volume heating 

3-4: Constant pressure heating 

4-5: Reversible adiabatic or isentropic expansion 
5-1: Constant volume heat rejection. 


1.5 Deference between a heat engine, refrigerator and heat pump. 

Heat Engine: 

In a heat engine, the energy is transferred from a higher temperature to a lower temperature 
level called sink. During the process, we get the output as work. The higher temperature is 
known as source and the lower temperature is known as sink. The figure given below shows 
the energy transfer in a heat engine. 

In the Diagram, the hot body is represented by letter T2 and Cold body is represented as T). 
Q» energy is taken from source and out of this energy, Q; reaches the sink. The remaining 
energy (Q2-Q;) is obtained in the form of work. 

The Coefficient of Performance (COP) value of a heat engine will be always Jess than 1. 


Heat Engine Refrigerator Heat Pump 
Q2 
Wr =Q2-Q1 O) We = Q2-Q1 
Qt 
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Refrigerator: 
A refrigerator is a reversed heat engine which cools and maintains the FeMDEAHUK of a body 
lower than the atmospheric temperature. 
This is done by the process of extracting heat from the cold body and then delivers it to a hot 
body. In the figure, Q; is the energy taken from the cold body and Q: is the energy given to 
Tz. Since T2>T), a work should be done to the system in order to make the process feasible. 
Here, 

T2 will be equal to the atmospheric temperature. 
COP may be greater than, equal to or less than 1. 
The product is cold volume and T|<Ta Where, Ta = Atmospheric Temperature. 
Heat Pump: 
There is no difference between a heat pump and a refrigerator in the case of its cycle of 
operation. The main difference between the heat pump and refrigerator is its operating 
temperatures. The working temperatures of a refrigerator are cold temperature T,; and 
atmospheric temperature Ta. Whereas, for a heat pump, the working temperatures are 
atmospheric temperature and hot body temperature T>. 
Here, 
Ti =Ta 
COP always greater than 1. 
Hot volume is the product and T2>Ta. 
1.6 Boiler/ steam generator. 
A boiler is a closed vessel made of steel. Its function is to transfer the heat produced by the 
combustion of fuel to water and ultimately to generate steam. 
Boiler shell: It is made up of steel plates bent into cylindrical form and reheated and welded 
together. The ends of the shell are closed by means of end plate. A boiler shell should have 
sufficient capacity to contain water and steam. 
Combustion chamber: It is the space generally below the boiler shell meant for burning 
fuel in order to produce steam from the water contained in the shell. 
Grate: It is a platform, in the combustion chamber, upon which fuel (coal or wood) is burnt. 
The grate generally, consists of cast iron bar which are spaced apart so that air (required for 
combustion) can pass through them. The surface area of the grate, over which the fire takes 
place, is called grate surface. 
Furnace: It is the space above the grate and below the boiler shell in which the fuel is 
actually burnt. The furnace is also called fire box. 
Heating surface: It is that part of boiler surface which is exposed to the fire (or hot gases 
from the fire). 
Boilers Classification: 
There are large number of boiler designs, but boilers can be classified according to the 
following criteria: 
1. According to Relative Passage of water and hot gases: 
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1. Water Tube Boiler: A boiler in which the water flows through a number of small 
tubes which are surrounded by hot combustion gases, e.g., Babcock and ‘Wilcox, 
Stirling, Benson boilers etc. 

2. Fire-tube Boiler: The hot combustion gases pass through the boiler tubes, which are 
surrounded by water, e.g., Lancashire, Cochran, locomotive boilers, etc. 

2. According to Water Circulation Arrangement: 

|. Natural Circulation: Water circulates in the boiler due to density difference of hot 
and cold water, e.g., Babcock and Wilcox boilers, Lancashire boilers, Cochran, 
locomotive boilers etc. 

2. Forced Circulation: A water pump forces the water along its path, therefore, the 
steam generation rate increases, e.g. Benson, La Mont, Velox boilers, etc. 


3. According to the Use: 
1. Stationary Boiler: These boilers are used for power plants or processes steam in 
plants. 


2. Portable Boiler: These are small units of mobile and are used for temporary 
uses at the sites. 
3. Locomotive: These are specially designed boilers. They produce steam to drive 
railway engines. 
4. Marine Boiler: These are used on ships. 
4According to Position of the Boilers: 
\»® Horizontal, inclined or vertical boilers 
5. According to the Position of Furnace 
1. Internally fired: The furnace is located inside the shell, e.g., Cochran, Lancashire 
boilers, etc. | 
2. Externally fired: The furnace is located outside the boiler shell, e.g., Babcock and 
Wilcox, Stirling boilers, etc. 
6. According to Pressure of steam generated 

¢ Low pressure boiler: A boiler which produces steam at pressure of 15-20 bar is 
called a low-pressure boiler. This steam is used for process heating. 

* Medium-pressure boiler: It has a working pressure of steam from 20 bar to 80 bar 
and is used for power generation or combined use of power generation and process 
heating. 

¢ High-pressure boiler: It produces steam at a pressure of more than 80 bar. 

¢ Sub-critical boiler: If a boiler produces steam at a pressure which is less than the 
critical pressure, it is called as sub-critical boiler. 

* Super critical boiler: These boilers produce steam at a pressure greater than the 
critical pressure. These boilers do not have an evaporator and the water directly 
flashes into steam and thus they are called once through boilers. 

7. According to charge in the furnace. 

* Pulverized fuel, 

¢ Supercharged fuel and 

¢ Fluidized bed combustion boilers. 
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A good boiler should have the following characteristics: 


The boiler should have maximum steam generation rate with minimum fuel consumption. 
It can be started or stopped quickly. 

Its initial cost, running and maintenance cost should not be high. 

Its erection time should be less and its parts should be easily dismountable. 

The boiler should have reliable controls and safety apparatus. 

It should have high rate of heat transfer and better combustion efficiency. 

It should be able to accommodate the load variation. 

It should occupy less floor space. . 

. It should be trouble free and require less attention and less maintenance. 

0. It should be free from manufacturing defects. 

1. Mud should not get deposited on the heating surface. Soot or scale should not be 
deposited on the tubes. 

12. All parts of boiler should be accessible for cleaning and inspection. 

13. Fuel injector could be pure mechanical or electrical device. 
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1.7.1. Boiler mountings and accessories 
Mountings are required for proper and safe functioning of the boiler which is generally 
mounted over the boiler shell. 
Examples: Water Level Indicator, Pressure gauge, Safety valves, Steam stop valve, Blow off 
cock, Fusible plug, Feed Check valve 
Water Level Indicator: 
* The water level indicator is needed to ascertain the water level of a boiler. 
* Two water level indicators should be fitted for each boiler in such a place that the 
water level can be constantly seen. 
Pressure Gauge: ; 
¢ A pressure gauge is an instrument by means of which the pressure exerted inside a 
vessel can be measured. 
¢ There are two types of pressure gauges, one is Bourdon tube pressure gauge and the 
other is diaphragm type gauge. 
Safety Valve: 


* The safety valve (pressure relief valve) is used in a boiler to relieve the pressure of 
steam when it is above the working pressure. 

* Its function is to discharge a portion of the steam from the boiler automatically when 
the steam pressure exceeds the normal limit. It is mounted on the top of the shell. 

« As per boiler regulation two safety valves are required to be fitted in each boiler. 

Steam Stop Valve: 

* The function of the stop valve or junction valve is to regulate the flow of steam from 
the boiler to the main steam pipe. 

* To shut off the steam completely when required. 
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Fusible Plug: The function is to extinguish the fire in the event of water level in the boiler 
shell falling below a certain specified limit. 

Feed check valve: The feed check valve is used to control ihe supply af water to the boiler 
and to prevent the escaping of water from the boiler when the pump pressure is less or the 
pump is stopped. It is fitted over the shell slightly below the normal water level of the boiler. 
Boiler Accessories: Accessories are used for efficient running of the boiler but they are not 
mounted on the boiler shell. 


Steam ToEngine /..--2 . 
Sites iene ~ To 
Chimney 


| Economiser | 


WAV AVAS 
eae) 
‘ Feed water pump ‘ 


| Air 


Pre-heater 
VAN 


Fig.: Schematic Diagram of a Boiler Plant 

e Superheater: Super heater is a device used for drying wet steam and then increasing 
temperature of the dry steam without increasing its pressure .by utilizing the heat of 
combustion product. 

* Economizer: Economizer is a device used for heating feed water which is supplied to 
the boiler by utilizing heat in the exhaust flue gases before leaving through the 
chimney. ; 

¢ Air preheater: Air preheater is a device used to heat the air before it flows into the 
furnace for combustion by utilizing the heat in the exhaust flue gases. 


1.7.2. Equivalent evaporation: It is the amount of water evaporated from water at 100°C at 
normal atmospheric pressure. It is usually written as from and at 100°C. | 

As the water is already at the boiling temperature, it requires only latent heat at 1.013bar to 
convert it into steam at the temperature (100°C). The value of this latent heat is taken as 2257 
KJ/Kg, 

Mathematically, Equivalent evaporation from and at 100°C. 


pe Total heat required to evaporate feed water 
a 2257 


1.7.3. Boiler draught. 

The rate of steam generation, in a boiler, depends on the weight at which the fuel is burnt. 
The rate of fuel burning depends upon the availability of oxygen or in other words 
availability of fresh air. The fresh air will enter the fuel bed, if the gases of combustion are 
exhausted from the combustion chamber of the boiler. This is possible only of a difference of 
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pressure is maintained above and below the fire gate. This difference of pressure is known as 
draught. The main objectives of producing draught in a boiler are - 

1. To provide an adequate supplier of air for the fuel combustion. 

2. To exhaust the gases of combustion from the combustion chamber. 

3. To discharge this gases to the atmosphere through the chimney. 
The draught may be of the following two types. 

1. Natural draught: It is the draught produced by a chimney due to the difference of 
densities between the hot gases inside the chimney and cold atmospheric air outside it. 
It is also called chimney draught. 

2. Mechanical or artificial draught: It is the draught by a fan, blower or steam jet. In 
general, the mechanical draught is provided when natural draught is not sufficient. It 
may be induced or forced. 

In an induced fan draught, a centrifugal fan is placed in the path of the flue gases before 
they enter the chimney. It draws the flue gases from the surface and forces them up through 
the chimney. The action of this type of draught is similar to that of the natural draught. 

In case of forced fan draught, the fan is placed before the grate and air is forced into the 
grate through the closed ash pit. 

Comparison between forced and induced draught 


The fan is placed after the fire grate. 

The pressure inside the furnace is above the | The pressure inside the furnace is below the 
atmospheric pressure. atmospheric pressure. 

It forces fresh air into the combustion | It sucks hot gases from the combustion 
chamber. chamber and forces them into the chimney. 

It requires less power at the fan has to handle | It requires more power as the fan has to 
cold air only. Moreover volume of air |} handle hot air flue gases. Moreover volume 
handled is less because of low temperature of | air and gases is more because of high 
the cold air. temperature of the air and gases. 


The flow of air through grate and furnace is | The flow of air through grate and furnace is 
more uniform. 


less uniform. 
As the leakages are outward, therefore there | As the leakages are inward therefore there is 
is a serious danger of blow out when the fire 


no danger of blow out. But if the fire doors 
doors are opened and the fan is working. are opened and the fan is working there will 


be a heavy air infiltration. 


1.8 Deference between fan, blower, compressor and pump. 


window fans, ceiling fans, fans in computers and other electronics equipment, radiator fans in 
cars, etc. 
Pressure Ratio (the ratio of the discharge pressure over the suction pressure): upto 1.11. 
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Blowers: A blower is a gas pump with relatively moderate to high pressure 1 rise and 
moderate to high flow rate. a ae ee coed 
Examples: leaf blowers, hair dryers, air blowers in furnaces and automobile ventilation 
systems. 

Pressure ratio: 1.11 to 1.20. 

Compressor: A compressor is a gas pump designed to deliver a very high pressure | rise, 
typically at low to moderate flow rates. ane 

Examples: tire pumps, refrigerator and air conditioner compressors. 

Pressure Ratio: Above !.20. 

Pump: A pump is a machine for raising a liquid - a relatively incompressible fluid - to a 
higher level of pressure or head. 

There are two types of pump. |. Rotary and 2. Positive displacement pump. 


1.9 Principle of nozzle and diffuser. 

In nozzle static pressure is decrease and velocity is increased. In diffuser static pressure is 
increased and velocity is decreased. A nozzle is often a pipe or tube of varying cross 
sectional area and it can be used to direct or modify the flow of a fluid (liquid or gas). 


1.10 Cooling towers 

A cooling tower is a heat rejection device, which extracts waste heat to the atmosphere 
though the cooling of a water stream to a lower temperature. 

(A cooling tower is a specialized heat exchanger in which air and water are brought into 
direct contact with each other in order to reduce the water's temperature. As this occurs, a 
small volume of water is evaporated, reducing the temperature of the water being circulated 
through the tower). 

Components of cooling tower: 

Frame and casing: support exterior enclosures 

Fill: facilitate heat transfer by maximizing water / air contact. There are two types of fill: 
splash fill and Film fill. 

Cold water basin: receives water at bottom of tower. 

Drift eliminators: capture droplets in air stream. 

Air inlet: entry point of air. 

Louvers: equalize air flow into the fill and retain water within tower. 

Nozzles: spray water to wet the fill. 
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Fans: deliver air flow in the tower. 


Types of cooling tower: 


Natural Mechanical 
Draft Draft 
Forced induced neu d 
Draft Draft Counter 
Cross flow flow 


Natural Draft Cooling Tower: 

* The natural draft or hyperbolic cooling tower makes use of the difference in 
temperature between the ambient air and the hotter air inside the tower. It works as 
follows: 

¢ Hot air moves upwards through the tower (because hot air rises) 
¢ Fresh cool air is drawn into the tower through an air inlet at the bottom. 

* Due to the layout of the tower, no fan is required and there is almost no circulation of 
hot air that could affect the performance. Concrete is used for the tower shell with a 
height of up to 200 m. These cooling towers are mostly only for large heat duties 
because large concrete structures are expensive. 


Warm water in 
from condenser 


Forced draft cooling tower: 
Air is blown through the tower by a fan located in the air inlet. 
* Advantages: 


* Suited for high air resistance due to centrifugal blower fans 
* Fans are relatively quiet 
* Disadvantages: Recirculation due to high air-entry and low air-exit velocities, which 
can be solved by locating towers in plant rooms combined with discharge ducts. 
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Warm water in 
from condenser 
_—_—_ 


Cooled water out <— 
fo condenser 


Induced draft cooling tower: 


3-4 times higher than entering air 


Forced draft cooling tower. 


Two types of induced draft cooling towers: cross flow and counter flow 
Advantage: Less recirculation than forced draft towers because the speed of exit air is 


moisture and corrosion because they are in the path of humid exit air. 


Induced draft counter flow cooling tower 


e hot water enters at the top 


* air enters bottom and exits at the top 
* uses forced and induced draft fans 


Aw 
Outlet 


TEE. ONS 
Az __» 
Inter a — he 


Counter flaw 
Induced draft cross flow cooling tower: 
e water enters at top and passes over fill 


Ar 
Oullet 


Irdet . Ide 
x 
< 
= 
Ax Ha Air 
ie Z + eta 
% 


Outlet 


Cross flow 


air enters on one side (single-flow tower) or opposite sides (double-flow tower) 
an induced draft fan draws air across fill towards exit at top of tower 


Disadvantage: Fans and the motor drive mechanism require weather-proofing against 


1-16 Thermodynamics 


Performance parameter of a cooling tower: 

Range: It is the difference between cooling water inlet temperature and cooling water outlet 
temperature. High CT Range means that the cooling tower has been able to reduce the water 
temperature effectively, and is thus performing well. 

Range = Tyot water in — Tcold water out 

Approach: It is the difference between the cooling tower outlet cold-water temperature and 
ambient wet bulb temperature. The lower the approach the better the cooling tower 
performance. Although, both range and approach should be monitored, the ‘Approach’ is a 
better indicator of cooling tower performance. 


Approach= Teold water out —_ Twet bulb temperature 


a ‘ Range Ty in -T 
Effectiveness: Effectiveness = ————2"———. = 1 00. x Hztwaterin “cold water out 
Range + Approach THot water in —Twet bulb 

Hot Water i 

Temperature t 

é 

5 Range 

c. : 

% Cold Water Pe ee eee Le, ~- 

@' Temperature Approach 

Inlet wet Bulb as 
Temperature 


Inlet Outlet 
Water Travel Distance Through Water 


Example: In Haripur Power Ltd. an induced draft cooling tower water inlet 
temperature is about 40°C and outlet water temperature is 33°C at summer. If wet bulb 
temperature is 27°C on a specific sunny day, find the range, approach and efficiency of 
the cooling tower. 

Ans.: 7°C; 6°C; 53.84% 


1.11 CNG, LNG and LPG 
Compressed natural gas (CNG) (methane stored at high pressure) can be used in place of 
gasoline (petrol), Diesel fuel and propane/LPG. CNG is made by compressing natural gas 
(which is mainly composed of methane, CH4), 
> to less than | percent of the volume it occupies at standard atmospheric pressure. 
» It is stored and distributed in hard containers at a pressure of 20-25 MPa (2,900— 
3,600 psi), usually in cylindrical or spherical shapes. 
Liquefied natural gas (LNG) is natural gas (predominantly methane, CH,) that has been 
converted to liquid form for ease of storage or transport. 
> It takes up about 1/600th the volume of natural gas in the gaseous state. 
> It is odorless, colorless, non-toxic and non-corrosive. 
> The liquefaction process involves removal of certain components, such as dust, acid 
gases, helium, water, and heavy hydrocarbons, which could cause difficulty 
downstream. The natural gas is then condensed into a liquid at close to atmospheric 
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pressure by cooling it to approximately —162°C (—260 °F); maximum transport 
pressure is set at around 25 kPa (4 psi). 
> A typical value of the higher heating value of LNG is approximately 50 MJ/kg and 
lower heating value of LNG is 45 MJ/kg. 


Liquefied Petroleum Gas or LPG 
> Colourless and volatile 


> LPG is a mixture of commercial butane and commercial propane. The main 


composition of LPG to be stored and bottle as follows: 

Propane content : 20-50% 

Butane content : 80-50% 

LPG at atmospheric pressure and temperature is a gas which is 1.5 to 2.0 times 
heavier than air. 

The auto-ignition temperature of LPG is around 410-580 deg. C 

As its boiling point (LPG boils at -42°C becoming gas vapour. LPG stays liquid 
because it is under pressure in a gas cylinder.) is below room temperature, LPG will 
evaporate quickly at normal temperatures and pressures and is usually supplied in 
pressurized steel vessels. They are typically filled to 80-85% of their capacity to 


allow for thermal expansion of the contained liquid. 


> Hasa higher calorific value 94 MJ/m3. 


CNG (compressed natural gas) and LNG (liquefied natural gas) are both the forms of 
natural gas or methane. Whilst it is common to confuse the two varieties, the key difference 
is that CNG is stored as a gas at a high pressure, whereas LNG is cooled to -160°C which 
causes it to become liquid. Both the fuels are used in light passenger vehicles. 


Natural Gas Compositions: 


Component bik errs a Range (mole %) 

Methane 95.0 87.0 - 97.0 
Ethane Se 1.5 - 7.0 
Propane 0.2 0.1 -1.5 
iso — Butane 0.03 0.01 - 0.3 
normal — Butane 0.03 0.01 - 0.3 
iso — Pentane 0.01 trace - 0.04 
normal - Pentane 0.01 trace - 0.04 
Hexanes plus 0.01 trace - 0.06 
Nitrogen 1.0 0.2-5.5 
Carbon Dioxide 0.5 0.1 - 1.0 
Oxygen 0.02 0.01 - 0.1 
Hydrogen trace trace - 0.02 
Specific Gravity 0.58 0.57 - 0.62 
Gross Heating Value (MJ/m”), dry basis * 38.0 36.0 - 40.2 


Ignition Point: 593°C 
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Mathematical Problems 
1. Ina boiler, feed water supplied per hour is 205 kg while coal fired per hour is 23 kg. 
The net enthalpy rise per kg of water is 145KJ. If the calorific value of the coal is 
2050 K J/kg, then calculate the boiler efficiency. 
Solution: 
Here, m.= 205kg; me 23kg; (h-hp) =145KJ and C=2050K J/kg 


‘ . me(h—hg,) 205145 
We know iler efficienc = 
: Bo eleney sn mexC 23x2050 


= 0.63 = 63% (Answer) 
Summary of Processes for perfect gas (Unit Mass 


Process ee Heat added Work done P,V.T Specific 
2 relations heat, c 
| pdv 
pee Cy(T2 — T,) p(v2 — v1) 
pee 
Constant = cy(T, — T,) 
volume 


Constant PiVi — Pov 
2.3 log— | 2.3p,v,log— ivi 2u2 
temperature is ae oA sats By ee 


Reversible = Divy= Dave 
adiabatic ~ y-1 


2. Air at 1.02 bar, 22°C, initially occupying a cylinder volume of 0.015 m’, is 
compressed reversibly and adiabatically by a piston to a pressure of 6.8 bar. 
Calculate : (i)The final temperature ; (ii)The final volume ; (iii) The work done. 

Solution: 

Given, Initial pressure, P; = 1.02 bar= 1.02 x 10° Pa 

Initial temperature, T,; = 22 + 273 = 295 K; Initial volume, V; = 0.015 m 

Final pressure, P2= 6.8 bar 


(i)Final temperature: 
: ‘ T p,,~= 
Using the relation, — = G)” Y 
Ti he. 


= 68. <= 
ws = a * OF,T; =295 x Cem . 

= 507.24K = 234.24°C, (Answer) 
(ii)Final volume: 


Using the relation, P, VY; = P,VY. 
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es Py, 
=V>= V; GD" 


1 
=V,= 0.015 CS)3* 
= 0.00387 m 
Final volume = 0.00387 m°. (Answer) 
(iii) The work done: 
We know, W= aan or, Another solution, W = eae 
— PaVa _ 1.02105 0.015 
Here, m= RT, 0.287X102x295 
= 0.01807 kg 
. Wa DRO-T2) 
; ae ae 


__ 0.01807 x0.287x103 x(295—507.24) 


1.4-1 
=— 2751 J or — 2.751 kJ 
Work done = 2.751 kJ. (Ans.) 
(— ve sign indicates that work is done on the 
air) 


3. An 1-kg metal bar initially at 1000 K is removed from an oven and quenched by 
immersing in a closed tank containing 20 kg of water initially at 300 K. Assume both 
substance are incompressible and c (water) = 4 (kJ/kg K), c (metal) = 0.4 (kJ/kg K). 
Neglect heat transfer between the tank and its surroundings. Determine the final 
temperature of the metal bar. 

Solution: Let, Bar and water reached at the final temperature at T; 
AUwater + AUwater = 9 
= myCy (Ts — Tw) + MmnCm(Tm — Te) = 0 
My XS”xTw+Mm Tm 20x—-x300+1x1000 
= T= — Et = 303.5 K 


Cw = 
MwXctmm 20x74t1 


“Tp = 303.5 K (Answer) 
For heat conduction 
Q=kAS 

Where, Q=amount of heat flow through the body in a unit time (KJ/s) 

A= Surface area of heat flow 

dT=Temperature difference on the two faces of the body 

dx= Thickness of the body through which the heat flows 

k=constant of proportionality known as thermal conductivity of the body 

4. A cold storage is to be maintained at —5°C while the surroundings are at 35°C. The 
heat leakage from the surroundings into the cold storage is estimated to be 29K W. 
The actual COP of refrigeration plant is one third of an ideal plant working 
between the same temperatures. Find the power required to drive the plant. 
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Solution: 
Given, 
T,=-5°C=268K;  1)=308K; 
Q, = 29 KW: ot Body 
COPactuat = 5 COPidea! a 
’ _ Ty = 268 = 

COP idea = T.-T, 308-268 ed Wa=Q2-01 
 COPactuat = : x 6.7 =2.233 qi 

Qi 
cop = — T1 

3 
=>Wp= = = 12.987 KW (Answer) 


5. A Carnot refrigeration cycle absorbs heat at 270K and rejects it at 300K. (i) COP=? 
(ii) If the cycle is absorbing 1130KJ/min at 270K, how many KJ of work is required 
per second, (iii) If the Carnot heat pump operates between the same temperatures 
as the above refrigeration cycle what is the COP? (iv)How many KJ/ min will the 
heat pump deliver at 300K if it absorbs 1130KJ/min at 270K? 


Solution: (i) COP = —2 270 _ — 27° — 9 (Ans.) 


T2-T, 300-270 30 
(ii) COP = aa. 
Wr 
_ 1130 1130 


Wa OD Wr = ora 2.1 KJ/s (Answer) 


= 300 __ 300 _ 
(iii) COP = A = Soorn7 = ao = 10 (Answer) 
= ~ __& i 2 tee 
ae rn. Wr Q2-Qi Qn 1130 Be 
or, 1,50, = = 11300 


or, Q, - 11300 


“ Q2 = 1255.56KJ/min (Answer) 

6. The capacity of refrigeration is 200TR when between 0°C and 25°C. Determine the 
mass of ice produced per day from water at 25°C. Also find the power required to 
drive the unit. Assume that the cycle operates on reversed Carnot Cycle and latent 
heat of ice is 335K J/Kg. 

Solution: Q = 200TR = 200x 210 = 42000 KJ/min = 700K W 

We get, 


= 42000 
335 sp eaReSY 42000 


caved” 24x60 
= 137454 Kg = 137.56 tonnes (Answer) 

T, _ = (273 
T2-T,; | 298-273 
Heat extraction capacity 


= 10.92 


COP of reversed Carnot cycle = 
Again, COP = 


workdone per min or power required to drive the unit 
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700 
Power required to drive the unit 


>10.92 = 


700 
=> Power required to drive the unit = ae 


= 64.10 KW (Answer) 


7. A vapor compression refrigeration syste has to handle a cooling load of 2 ton. Find 
the power of the compressor in kW if the COP of the refrigeration system is BiveEn as 
3.5. Also find the amount of heat rejection in the condenser. 

And COP = 3.5 


Solution: 
T2 
Condenser 
We know, 


Here, Refrigerating capacity, Q,= 2 ton 
COP = Refrigerating capacity (Q1) Q2 


=2 x3.5=7KW 
Work input to the Compressor (Wr) 


7 
Work input to the Compressor (Wr) 


=>Work input to the Compressor (Wr) = aa 
= 2 KW (Answer) 


>3.5= 


T1 
Evaporator 


8. Five hundred kg of fruits are supplied to a cold storage at 20°C. The cold storage is 
maintained at —5°C and the fruits get cooled to the storage temperature in 10hours. 
The latent heat of freezing is 105 KJ/kg and specific heat of fruit is 1.256KJ/Kg K. 
Find the refrigeration capacity of the plant. 

Solution: 

Given, m = 500Kg; T2=20°C=293K; T\= —5°C=268k; 

h¢g = 105KJ/Kg; Cp = 1.256KJ/Kg 
We get that heat removed from the fruits in 10 hours, 
Q, = mC; (T, — T,) 
= 500 1.256 (293-268) = 15700KJ 

And total latent heat of freezing, 

Q, =m X hg = 500 x 105 = 52500K) 
“. Total heat removed in 10 hours, Q = Q; + Q2= 15700 + 52500 = 68200 KJ 
And total heat removed in one minute = 68200/ (10x 60) = 113.7 KJ/min 
-. Refrigeration capacity of the plant = 113.7/210 =0.54! TR (Ans.) 

9. A quantity of air has a volume of 0.4 m? at a pressure of 5 bar and temperature of 
80°C. It is expanded in a cylinder at a constant temperature to a pressure of 1 bar. 
Determine the amount of work done by the air during expansion. 

Solution: 
Vi = 0.4 m’; P, =5 bar=5x 10°} T=353K; = P2 = 1 bar=1x 10° 
Here, the temperature is constant. 


Heat rejection in the condenser, 
Q, =Q, + We =7+ 2 = 9KW (Answer) 
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PV) = P2V2 

>5x0.4=1x V2 

> V2 = 2 bar 

Now, r = v2 225 
Vi «0.4 


So, workdone during expansion = 2.3 P)V; log(r) = 2.3 x 5 x 0.4 log 5 x 10° 
= 3.215 x 10° = 321.5 KJ (Answer) 
10. 0.1 m? of air at a pressure of 1.5 bar is expanded isothermally to 0.5 m?*. Calculate 
the final pressure of the gas and heat supplied during the process. 
Solution: 


Given, 

V,=0.1 m’; P| =1.5 bar; V2=0.5m’; P2 =? 
Q1-2 = Wi-2 =? 

We know, P, V; = P2V2 > Po = ats = 0.3 bar (Answer) 
Expansion ratio, r = V2 08 =5 


Vi Ou 
So, work done during process, W1-2 = Q).2= 2.3 Pi V; logr 

= 2.3 x 1.5 10° x 0.1 x log 5 = 24.114KJ (Answer) 
Clearance Volume (Vc): The volume occupied by the piston reaches the top dead center 
is known as clearance volume. 
Swept volume (Vs): The volume swept by the piston when it moves between two 
extreme positions is known as swept volume or displacement volume or stroke volume. 
Vs = Piston area x stroke length = na L; where, d = cylinder bore or diameter 


VetVs 44 Ys 
c 


=l-—= 


Compression ratio: r = 


Carnot cycle: n= abies 


Fig.1. P-V and T-S diagrams of Carnot Cycle 
te (By Ma = Va 


r= = 
T3 V2 Vi 


a (Ma Mes (MN ra 

Tt, Ce. : Ty Ga = =(; ) 

11. Carnot engine, working between 650 K and 310 K, produces 150 KJ of work. Find 
thermal efficiency and heat added during the process. 
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Solution: 

Given, 

T1=T2=650K; T3=T,=310K; W= 150 KJ 
n=? 

Heat added, Q =? 

Here, n, = 22 = 2273" = 9.523 = 52.3% 


T; 650 
Heat added, n . => Q= <= = 286.76 KJ (Answer) 


12. A Carnot engine operates between two reservoirs at temperatures T; and T2. The 
work output of the engine is 0.6 times the heat rejected. The difference in 
temperatures between the source and sink is 200°C. Calculate the thermal 
efficiency, source temperature and the sink temperature. 

Solution: 

We get, W = 0.6 x heat rejected=0.6 x Q2 
> Q) — 01 = 0.6 Q2 > Qi = 1.6Q2 
one De — =37.5% (Answer) 

T, —T2 200 


n= —>— = 0.375 = — >T, = 533.33K (Answer) 
Ty T; 


T, = 333.33K (Answer) 

13. An air motor works on Joule’s cycle between 5 bar and 1 bar. The temperature at 
the beginning of isentropic expansion is 773 K and at the beginning of isentropic 
compression is 293 K. Determine the work done per Kg of air and ideal efficiency. 
Assume, C, = 1 KJ/KgK and y = 1.4. 

Solution: 

Given, : 

P2 a. P3 = S5bar 
P, = P4 = lbar 

T3=773 K 
Ty =293 K 

We get, 


=1 14-1 
Ts 


yrs i47d 
=(5)" =@)" 
TS. NPy | 


5 


T-s Diagram 


= 1-0.63 = 0.37 = 37% 


=> T> = 293 x 1.58 = 464K 
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-. Heat supplied = mc,(T3 — T2) = 1 x 1 x (773 — 464) = 309 KJ 
Heat rejected = mc,(T, — T;) = 1 x 1 x (488 — 293) = 195KJ 
-. Workdone = (309 — 195) = 114K] (Answer) 

14. An engine “working on the Otto cycle has a cylinder diameter of 150 mm and a 
stroke of 225 mm. The clearance volume is 1.25 x 10° m°. Find the air standard 
efficiency of this engine. Take y = 1.4. 

Solution: 

Given, d= 150mm =0.15m L=0.225 V,=1.25 x 1073m? 


Vs = = dL 2 : x (0.15)? x 0.225 = 3.98 x 10-3m3 

SOB 4125) 108 2 as 
125x103 

n=1- PTET = 0.44 = 44% (Answer) 


15. In an Otto cycle, the temperatures at the beginning and end of the isentropic 
compression are 316K and 596K respectively. Determine the air standard efficiency 
and the compression ratio. Take y = 1.4. 


Solution: 
Given, 
T, = 316K 1h = 596K 
We get, 7 =1——t=1- 556 = = 0.4697 = 46.97% (Answer) 


r= We = (aR = 4,885 (Answer) 
1 4 
16. In a diesel engine, the compression ratio is 13:1 and the fuel cut off at 8% of the 
stroke. Find the air standard efficiency of the engine. Take y for air as 1.4. 
Solution: 


Given, r= @ 7 = 13:1 


V3 = V2 + 8% of (V,; — V2) 
Let, V2 = 1 
. Vi —V,o =13-1=12 
V3 = 1+ 0.08 x (12) = 1.96m? 


Ne NE ny 
WBS 

- 1 [o— 

" r¥-? Ly(p — 1) 


1 [(1.96)!4 -1 
1394! 1.4(0.96) 
= 0.583 = 58.3% (Answer) 
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Boiler efficiency 
m, = mass of water actually evaporated or steam produced in ke/ m? or kg/kg of fuel burnt. 
Equivalent equation, 
= me(h ~~ hey) . 
2259 * 
Where, hmj= Enthalpy or Sensible heat of feed water in Ke of steam corresponding to 


temperature from steam table. 
h = enthalpy or total heat of steam in KJ/Kg of steam corresponding to a given working 
pressure from the table 
mM, h- he h- hg 
Ten oe ee 
17. A boiler evaporates 3.6 Kg of water per Kg of coal into dry saturated steam at 10 
bar. The temperature of feed water is 32°C. Find the equivalent evaporation from 
and at 100°C as well as the factor of evaporation at 32°C. [At 32°C enthalpy 134 
KJ/Kg and at 10bar enthalpy 2776.2KJ/Kg. | 
Solution: 
Given, hp, = 134KJ/Kg andh at 10 bar is 2776.2 KJ / Kg;m, = 2 6Kg / Kg of Coal 
me(h—hy,) 3.6(2776.2 — 134) 


2257 
Factor of evaporation = 


558 = 4.2 Kg/Kg of coal (Answer) 
h—hp  2776.2—134 


H = Height of chimney in meters 
m = mass of air 
T, = outside temperature 
T, = Inside temperature 
18. A chimney is 28m high and the temperature of the hot gases in the chimney is 
320°C. The temperature of outside air is 23°C and the furnace is supplied with [5kKg 
of air per Kg of fuel burn at. Calculate draught in mm of water. 


= 1.17 (Answer) 


) mm of water 


Solution: 
H = 28m, T2 = (320+273) K = 593 K, T, = (23+273) K = 296 K, m=15Kg air/Kg of fuel 
h = 353H ( ees =) 
~ Ty ~ mT; 
= 353 x 28(— =e ) 
= (sog- 15 x 593 


= 15.96 mm of H,0 (Answer) 
19. A boiler uses 18 Kg air per Kg of fuel. Determine the minimum height of chimney 
required to produce a draught of 25 mm of water. The mean temperature of 
chimney gases is 315°C and that of outside air is 27°C. 
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Solution: 
Given, 
m= 18 Kg/Kg of fuel; h = 25mm of H20; T2 = 588 K; T; = 300 K 
We get, h = 353H (=- ms) 
2 
25 = 353 x H(=5— =) 
oer 300. 18x 588 


-. H = 46.04m (Answer) 

20. A certain gas occupies a space of 0.3 m° at a pressure of 2 bar and temperature of 

77°C. It is heated at a constant volume until the pressure is 7 bar. Determine: 

1. Temperature at the end of the process 

2. Mass of gas 

3. Change in internal energy and 

4. Change in enthalpy during the process. 

Assume, C, = 1.005KJ/KgK; C, = 0.712 KJ/Kgk and R = 287 KJ/KgK 
Solution: 
Given, V, = 0. 3m?; T, = 350 K; P2 = 7bar; P; = 2bar 
4. Pe PT, = 288 = 1225 K = 952°C (Answer) 


T Ty. 
5 
2. P,V, = mRT, > m= eee = 0.597 Kg (Answer) 


3. du = mey(T, — T,) = 0.597 x 0.712 x (1225 — 350) = 371.93 K] (Answer) 
4. dH = mc, (T2 — T,) = 0.597 x 1.005 x (1225 — 350) = 524.98 = 525K] (Answer) 
21. The temperature of air 30°C, pressure 766mm of Hg. Find the density of air. 
Solution: 
Given T= 303 k, P=766x 133.3 N/m? 
=102107.8 N/m? 


We know P = pRT 
eee 

ee RT 102107.8 

~ 387x303 = 1.574 kg/m? (Answer) 


22. Find highest possible theoretical efficiency of a heat engine. The temperature of hot 
reservoir is 2100°C and cooling water 15°C. 


Solution: 
Given, T; = 2100°C = 2373 K, Tz = 15°C = 288K 
We know, yn = nid 

_ 2373- -288 


2373 = 87.86% (Answer) 


23. A compressor air tank volume 0.84 m? filled with air gauge pressure 50 KPa. Find 
the density and weight of air. Assume the temperature of air 30°C and atmospheric 
pressure 101 KPa. 


Solution: Given, T=30+273=302 K, V=0.84 m? 
R for air= 287 J/KgK 
Absolute pressure, P=101+50=151 KPa 
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We know, P = pRT 


: _ P _151x103 
-p==— = 


287x302 
ae p= 


= a = 1.736 x 0.84 = 1.458 kg (Answer) 
24, Calculate the density of heat required to raise the temperature of a steel forging of 
mass 180 kg from 300 k to 1265 k. Specific Heat of steel 0.49 KJ/Kgk. 
Solution: 
Given, m=180kg  c=0.49 KJ/Kgk 
we know, Q = mc(T> — T;) 
=180x 0.49(1265 — 300)=85113 KJ (Answer) 
_ 25. An engine works between the temperature unity of 1775k and 575k. What can be 
maximum thermal efficiency of this engine? 
Solution: 
Given, T, =1775K T,=575K 
dae Bo =e = = 67.61% (Answer) 
26. A gas occupies a volume of 0.1m? at a temperature of 20°C and a pressure of 1.5 
bar. Find the final temperature, of the gas if it is compressed to a press of 7.5 bar 
and occupies a volume of 0.04m?. 


Solution: 
Given, V; = 0.1m? T, = 20+ 273 = 293 K P,=1.5 bar 
V2 = 0.04 m? P,=7.5 bar T =~) 


= 1.736 Kg/m? 


< (Bx 


W know, yn = 


PV; P,V2 
We know, 7, = T; 
T, = Sateen = a = 586k = 313°C (Answer) 
iY 9X0, 


27. The diameter and stroke of a single cylinder two stroke gas engine working as the 
constant volume are 200 mm and 300 mm respectively with clearance volume of 
2.78L. Find Air standard Efficiency? [1 L=10~37m?3] 

Solution: 

Given, d=200 mm=0.2 m_ L=300mm =0.3 m V_ =2.78 L =2.78x1073m3 
Stroke volume, v, = 7 aL = 5 (0.2)? x 0.3 = 0.009426 m3 
Vctvs  2.78K1077+0.009426 


ression ratio, r = ——> = ———_—_—__.—_ = 44 
Compression ratio, 7 Syaxios3 


We know, n = 1- Ty = =1- Tee =44.7% (Answer) 


28. A 4-cylinder engine bore 4 cm, stroke length 3.5 cm and clearance volume 9 cm* 
Find out the volume of cylinder in cc. 
Solution: Given, d= 4cm, L= 3.5cm V=9 cm? 
2 
Piston displacement/stroke volume, V, = ee 


= nat x 3.5 = 43.98 cm3 
Volume of one cylinder = Piston Aigplacemeni + clearance volume 
= 43.98 + 9 = $2.98 cm? 
Total volume of 4 cylinders = 4 x52.98 =211.92 cm’=211.92 cc. (Answer) 
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29. A gas engine has piston diameter of 150mm, length of stroke 400mm and mean 
effective pressure 5.5 bar. The engine makes 120 explosions per minute. Determine 
the mechanical efficiency of the engine, if its B.P. is 5 kW. 

Solution: 

Given, Dp = 150 mm = 0.15 m; L = 400 mm = 0.4 m; Pm = 5.5 bar; n= 120; B.P. =5 kW 

We know that the area of piston, 

A = W/4(0.15Y = 0.0177 mm” 

And indicated power, I.P. = (100 Pm L A n)/60 

= (100 x5.5 x0.4x0.0177x 120)/60 
= 7.79 kW 

We know that mechanical efficiency of the engine, 

Nm = (B.P.)/C.P.) 
= 5/7.79 
=0.642 or 64.2% (Answer) 

30. A four cylinder two stroke cycle petrol engine develops 23.5 kW brake power at 

2500 rpm. The mean effective pressure on each piston is 8.5 bar and the mechanical 


efficiency is 85%. Calculate the diameter and stroke of each cylinder, assuming the 
length of stroke equal to 1.5 times the diameter of cylinder. 


Solution: 
Given, K = 4; B.P. = 23.5 kW; N = 2500 rpm. ; Py, = 8.5 bar; Hm = 85% = .85 
Let Dc = Diameter of cylinder, and 
L = Length of stroke = 1.5 Dc 
We know that area of the cylinder, 
A = 1/4(Dc)* = 0.7855 (De)2 
And number of working strokes per minute, 
Nm= (B.P.)/ (1.P.) 
“TP. = 23.5/.85 = 27.65 kW 
We also know that indicated power (I.P.), 
27.65 = (100 Pm L A n)/60 
=(100 x 4x 8.5 x 1.5De x0.7855 (Dc? x 2500 )/60 
= 166920 (De) 
“. (De)? = 0.000165 or De=0.055 m = 55 mm (Answer) 
And 
L= 1.5 x55 = 82.5 mm (Answer) 
31. During the test on single cylinder oil engine, working on the four stroke cycle and 
fitted with a rope brake, the following readings are taken : 
Effective diameter of the brake wheel=630 mm; Dead load on brake=200 N; spri 
balance reading=30 N; Speed=450 rpm. ; Area of indicator diagram=420 mm’; 
Length of indicator diagram=60 mm; spring scale=1.1 bar per mm; Diameter of 


cylinder=100 mm; Stroke=150 mm; Quality of oil used=0.815 kg/h; Calorific value 
of oil=42000 kJ/kg. 


Solution: 
Given, K=1; D=630 mm=0.63 m; W=200 N; N=450 rpm. ; a=420 mm’; s=1.1 bar/mm; 
De=100 mm=0.1 m; L=150 mm=0.15 m; mp=0.815 kg/h; C=42000 kJ/kg; l= 60mm. 
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Brake power 
We know that brake power, 
B.P. = (W-S) aDN/60= (200-30) 2x0.63 x450/60 = 2520 W 
= 2.52 kW (Answer) 
Indicated Power 
We know that indicated mean effective pressure, 
Pm = (axs)/l = (420 1.1)/60=7.7 bar 
Area of the cylinder, | A = 2/4(Dc)? = 2/4(0.1)2 = 7.8551073m?2 
And number of working stroke per min, 
; . n= N/2 = 450/2 = 225 
We know that indicated power, 
I.P. =(100 Pm L A n)/60 
=(100 x 1 x 7.7 x 0.15X7.855xX10° x 225)/60 
= 3.4 kW (Answer) 
Mechanical efficiency 


We know that mechanical efficiency, 
Nm =(B.P.)A(I.P.) 
=2.52/3.4=0.7418 Or 74.18 % (Answer) 
Brake thermal efficiency 
We know that Brake thermal efficiency, 
Np= (B.P.x 3600)/ (mz XC) 
= (2.523600)/(.815x42000) 
= .265 Or 26.5 % (Answer) 
Brake specific fuel consumption 
We know that Brake specific fuel consumption 
=m,/ (B.P.)=0 .815/2.52=0.323 kg/B.P. (Answer) 
32. An engine uses 6.5 kg of oil per hour of calorific value 30 000 kJ/ kg. If the B.P. of 
° the engine is 22 kW and mechanical efficiency 85%, calculate: 1. Indicated thermal 
efficiency; 2. Brake thermal efficiency; and 3. Specific fuel consumption in kg/B.P/h 
Solution: 
1. Indicated thermal efficiency 
We know that indicated power, 
1.P=(B.P.)/ ( nm ) = 22/.85 = 25.88 kW 
.. Indicated thermal efficiency, 
nr=(1.P.x3600)/( mp x C) 
= (25.88X3600)/(6.5 x 30 000) = 0.48 or 48% (Answer) 
2. Brake thermal efficiency 
We know that brake thermal efficiency, 
Nb =(B.P.x 3600)/( mpxC) 
=(22 x3600)/(6.5x30 000)=0.406 or 40.6% (Answer) 
3. Specific fuel consumption ; 
We know that specific fuel consumption 
=m, /(B.P.)= 6.5/22= 0.295 kg/B.P./n (Answer) 
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33. A four cylinder engine running at 1200 rpm gives 18.6 kW brake power. The 
average torque when one cylinder was cut out 105 N-m. Determine the indicated 
thermal efficiency if the calorific value of the fuel is 42 000 kJ/kg and the engine 
uses 0.34 kg of petrol per brake power hour. 

Solution: 

Given, K = 4; N = 1200 rpm. ; B.P. = 18.6 kW; T = 105 N-m; C = 42 000 kJ/kg; my, =0.34 

kg/ B.P./h= .34 x 18.6 = 6.324 kg/h 

We know that brake power per cylinder 
= 18.6/4 = 4.65 kW 

“. Brake power for three cylinders (i.e. when one cylinder is cut out) 

= 4.65x3 = 13.95 kW 

Since the average torque (T) for three cylinders (i.e. when one cylinder is cut out) is given as 

T = 105 N-m, therefore 

Brake power for three cylinders, 

=(T X 22N)/60 =(105 x 2 2x 1200)/60 = 13 200 W = 13.2 kW 
And frictional power per cylinder 
= 13.95 — 13.2 =0.75 kW 
-. Total frictional power for four cylinders, 
F.P.=0.75 x4=3 kW 
We know that indicated power, 
LLP. =B.P.+F.P. = 18.6+3=21.6kW 
.. Indicated thermal efficiency, : 
ni= (1.P. x 3600) m; x C) 
= (21.6 x 3600)/(6.324 x 42 000) = 0.293 or 29.3% (Answer) 

34. A four stroke, six cylinder gas engine with a stroke volume of 1.75 liters develops 25 
kW at 480 rpm. The mean effective pressure is 6 bar. Find the average number of 
times each cylinder misfired in one minute. 

Solution: 

Given, K = 6; V,=LA=1.75 liters=1.75 x10° m*: 1.P.=25 kW; N=480 rpm; 

Pn=6 bar 

Let ny; = Number of working strokes produced per minute. 
We know that indicated power (I.P.), 
1.P.=100 K Pm LAn, )/60 = (100 x 6 x 6 x1.75 x 1078 1 )/60= 0.105 ny 
“ny = 238 
But the numbers of working strokes per minute are given as, 
n= N/2 = 480/2 =240 
-. Number of times each cylinder misfired in one minute 
=n— n; = 240 — 238 = 2 (Answer) 

35. A four stroke diesel engine has a cylinder bore of 150 mm and a stroke of 250 mm. 
The crankshaft speed is 300 rpm and fuel consumption is 1.2 kg/h, having a calorific 
value of 39 000 kJ/kg. The indicated mean effective pressure is 5.5 bar. If the 


compression ratio is 15 and cut off ratio is 1.8, calculate the relative efficiency, 
taking y = 1.4. 
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Solution: 

Given, Dc = 150 mm = .15 m; L = 250 mm = 0.25 m; N = 300 rpm; my = 1.2 kg/h; C = 39 000 ki/kg; 

Pm = 5.5 bar; r= 15; p= 1.8; y = 1.4 

We know that the area of cylinder, 

A = 7/4(0.15) = 0.0177 m? 
And the number of working stroke per minute, 
n= N/2 = 300/2 = 150 
-. Indicated power, I.P.=(100 Pm L A n)/60 
= (1005.5 «0.25x0 .0177150)/60 = 6.1 kW 
And indicated thermal efficiency, 
ni= (I.P. x3600)/( mpxC) = (6.1x3600)/(1.2x39 000) = 0.4586 or 45.86% 
We know that air standard efficiency for diesel engine, 
1  pY—-1 
Nase = 1 ry- @ a D! 
; 1 1.874 —1 
~ 1514-1 race - 1! 
= 1— 0.386=0.614 or, 61.4% 
Indicated termal efficiency __ 0.4586 
Air Standard efficiency ~ 0,614 

= 0.747 or, 74.7% (Answer) 

36. An Engineer claims his engine to develop 3.75 kW. On testing, the engine consumes 
0.44kg of fuel per hour having a calorific value 42000 kJ/kg. The maximum 
temperature recorded in the cycle is 1450°C and minimum is 350 °C. Check whether 
‘ic Engineer’s claim ig ¢grrect or not. 

So.utzon: Given, P = 3.75 kw; Fuel consumed = 0.44kg/h; Calorific value = 42000 kJ/kg; 

Ty = 1450°C = 1450#873=1723 K & T.= 350°C = 350+273= 623 K. 

We know tha the maximum effig‘iency, between two certain temperatures, is that of Carnot 

cycle 


* Relative efficiency, n, = 


Nearnot = at = TEESE = 0,638 = 63.8 % 
We know int i). ‘at SUPP aa ; 10 9 the engine by the fuel 
= Fuel consumedxXCalorific value of fuel 
= 0.44 x 42000 = 18480 kJ/h = 5.13 kJ/s 
And work done by the gine = 3.75 kW = 3.75 kJ/s 


workdone’ __ 3.75 


ot 


Efficiency = feecupele @ saa 0.731 = 73.1% 


Since efficiency of the engine clzimed (73.1%) is more than the maximum possible 

efficiency (63.8%), therefore the engineer’s claim is not correct. 

37. Determine the quantity of heat required to produce 1 kg of steam at a pressure of 6 
bar at a temperature of 25°C water, under the following conditions: 

a) When the steam is wet having a dryness fraction 0.9; 

b) When the steam is dry saturated and 
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c) When it is superheated at a constant pressure at 250°C assuming the mean specific 

heat of saturated steam to be 2.3kJ/kg K. 

Solution: Given p = 6 bar; tw = 25°C; x = 0.9 tsup = 250°C; cp = 2.3kJ/kg K 

From steam tables corresponding to a pressure of 6 bar, we find that hr = 670.4 kJ/kg; he 

= 2085k]/kg ; and t = 158.8°C : 

a)When the steam is wet 

We know that enthalpy or total heat of 1 kg of wet steam, 

h = he + xhg = 670.4 + 0.9X2085 = 2546.9 kJ 

Since the water is at a temperature of 25°C, therefore 

Heat already in water = 4.2 x 25 = 105 kJ 

Heat actually required = 2546:9—105 = 2441.9 kJ (Answer) 

b) When the steam is dry saturated 

We know that enthalpy or total heat of 1 kg of dry saturated steam, hg = hr + hy = 670.4 + 

2085 = 2755.4 kJ 

Heat actually required = 2755.4—105 = 2650.4 kJ (Answer) 

c) When the steam is superheated 

We know that enthalpy or total heat of 1 kg of superheated steam, Hgup = hy +€p(tsup-t) = 

2755.4+2.3(250-158.8) = 2965.16 kJ 

Heat actually required = 2965.16—105 = 2860.16 kJ (Answer) 

38. Determine the volume of 1 kg of superheated steam at a pressure of 20 bar and a 
temperature of 300°C. 

Solution: Given P = 20 bar: T = 300°C = 300 + 273 = 573 K 

Let Vsup = Volume of | kg of superheated steam 
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40. A centrifugal compressor delivers 50kg of air per minute at a pressure of 2 bar and 
97°C. The intake pressure and temperature of the air is 1 bar and 15°C. If no heat is 
lost to the surroundings, find: 1. Index of compression, and 2. Power required, if the 
compression is isothermal Take R = 287 J/kg K. 

Solution: Given, m = 50kg/min; p2 = 2 bar; T2 = 97°C = 97 + 273 = 370K, p; = 1 bar, T) = 

15°C = 15 +273 = 288K, R = 287 J/kg K 

1. Index of compression 

Let n= Index of compression T2 


We knowthat —2= (Beye ? 
Ta Pi 


370 2\(n- 
or, = (7) (n-1)/n 
288 1 


or,].285 = 200" 
or, log 1.285 = — x log2 


or, 0.1088 =Aitx 0.301 


or, 0.1922n = 0.301 or n= 1.57 (Answer) 

41. Centrifugal air compressor having a pressure compression ratio of 5 compresses air 
at a rate of 10 kg/s. If the initial pressure and temperature of the air is 1 bar and 
20°C. Find: 1. the final temperature. of the gas, and 2. Power required to drive the 
compressor. Take y = 1.4; c)= 1 kJ/kg K 

Solution: 1. Final temperature of the gas 

Let T2= Final temperature of the gas 

We get, 


Ses (Ez) = 514-114 _ 1 seq 
T1 Pi/, a 


Tz = T2 x 1.584 = 293 x 1.584 = 464 K = 191°C (Answer) 

2. Power required by the compressor 
We know that the work done by the compressor, 

W = mep(T2—T)) = 10 x 1(464—293) = 1710 kJ/s 
Power required by the compressor, P = 1710 kW (Answer) 

42. A rotary air compressor receives air at a pressure of 1 bar and 17°C and delivers it 
at a pressure of 6 bar. Determine per kg of air delivered work done by the 
compressor and heat exchanged with the jacket water when the compression is 
isothermal, isentropic and by the relation pv’ °=constant. 

Solution: Given: py= 1 bar; T}=17°C = 17 + 273 = 290K; po=6 bar; m=1 kg 

Isothermal compression 

We know that work done by the compressor, 
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W= 2.3mRT,log(®) =2.3 x 1 x 287 = 290 log(=)J 


= 148970 J = 148.97 kJ (Answer) 
We also know that in isothermal compression the temperature of air during the process 
remains constant. Thus the entire work done is carried away by the jacket water in the form 
of heat. 
Therefore, heat exchanged with the jacket water 

= 148.97 kJ (Answer) 
Isentropic compression 
Let T2= Final temperature of the air 


Tz _ (P2\0-Dy — (6\04— 1/14 — 
We know that = (2) (¢) 1.668 


“ Tz =T; X 1.668 = 290 x 1.668 = 484 K 
Work done by the compressor 
=me,(T2—-T1) = 1 = 1(484—290) = 194 KJ (Answer) 
Compression by the relation pv'°=constant 


T2 _ (Bye 2 ean = 1.958 
T1 P1 1 ; 


Tp =T1 X 1.958 = 290 1.958 = 568 K 
Work done by the compressor 
= me,(T2—-T1) = 1 < 1(568—290) = 278 kJ (Answer) 


In polytropic process, heat exchanged 


SEE he work dole soe 8 78 = 189 (Answer) 
y-1 1.4-1 


43. A centrifugal air compressor having isentropic efficiency of 70% receives air at 
17°C. If the outer diameter of the blade tip is Im and the compressor runs at 5000 
r.p.m find: 1. the temperature rise of the air, and 2. the static pressure ratio. 

Solution: Given: nj =70% = 0.7; T;=17°C = 17 + 273 = 290K; D =1m; N= 5000 r.p.m 


Blade velocity, Vy= =~ = "~~~" = 261.8 ms 


Temperature rise of the air 
Let (T2-T,) = Temperature rise of the air 
Work done by the compressor per kg of air 


2 
W = mV,” = =CO*) = 68539.24=68.54 kJ 


Work done by the compressor per kg of air 
68.5 = cp(T2-T1) = 1(T2—-T)) 
. (T2-T,) = 68.5°C (Answer) 
Let es = Static pressure ratio and 
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T3 = Temperature of air at exit for isentropic compression 


Isentropic efficiency, 
T3-T; _ T3—290 
0.7 =4—+ = += 


T2-T, 68.5 
T3 = (0.7 x 68.5) + 290 = 337.95 K 
ea Pe = Co es = (S)nm '4~1 = 1.71 (Answer) 


44. A gas turbine plant receives air at 1 bar and 290 K and compresses it to 5 bar, if the 
temperature of air after compression is 1000 K; find the thermal efficiency of the 
turbine. Take y=1.4 

Solution: Given p3=p,=1 bar; T,= 290 K; pi=p2= 5 bar; Tz = 1000 K; y=1.4 

Pressure ratio, 

pe Pia Peo es 
P3 Pa 1 
“Thermal efficiency of the turbine, 


run = 1— (2) = 1 (E44 = 10.2) = 10.631 
= 0.369 or 36.9 % (Answer) 
45. If 8 kg of oxygen in a closed tank at 200°C and 300 kPa is heated until the pressure 
rises to 400 kPa, calculate (a) the new temperature, (b) the total heat transfer, and 
(c) the change in entropy. 
Solution: 
(a) For oxygen, taking k =1.40, R =260 J/kg-K, and C,=650 J/kg - K. 


Then T2= T; x=? = (200 +273)x— = 631 K =358 °C. (Answer) 
1 


(b) Q =me, AT= 8x650x(358—200) ~8.2x10° J. (Answer) 

(c) Si -S2= mCyIn (T2 /T; ) = 8 X 650 In((358 +273)/( 200+ 273))= 1500 J/k (Answer) 

46. Gas from a bottle of compressed helium is used to inflate an inelastic flexible 
balloon, originally folded completely flat to a volume of 0.5m3. If the barometer 
reads 760mm Hg, what is the amount of work done upon the atmosphere by the 
balloon? 

Solution: 

The displacement work 


Wa — Seater pdv + Testae pdV = pAV +0 


=101:1325x0.5=50.66KJ 

This is positive because work is done by the 
system. Work done by the atmosphere is 
—50.66KJ. (Answer) 
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47. 300 kJ/s of heat is supplied at a constant fixed temperature of 290°C to a heat 
engine. The heat rejection takes place at 8.5°C. The following results were obtained : 
(i) 215 KJ/s are rejected. 

(ii) 150 kJ/s are rejected. 

(iii) 75 kJ/s are rejected. Classify which of the result report a reversible cycle or 
irreversible cycle or impossible results. 

Solution. Heat supplied at 290°C = 300 kJ/s 

Heat rejected at 8.5°C : (i) 215 kJ/s, (ii) 150 kJ/s, (iii) 75 kJ/s. 


Applying Clausius inequality to the cycle or process, we have : 
300 215 


: SQ i _ . 
(i) Leycle = 90e278  asez7s O28 ~ 0.763 
= — 0.2309 < 0. 

“.Cycle is irreversible. (Ans.) 

3 SQ_ 300,150 7 - 
(ii) Leycle ree eet re 0.5328 — 0.5328 = 0. 
.Cycle is reversible. (Ans.) 

er 8Q_ 300,75 _ = 
(iii) Licycle > Say ee 0.5328 — 0.2664 = 0.2664 > 0. 


This cycle is impossible by second law of thermodynamics, i.e., Clausius inequality. 
(Answer) 

47. A thermoelectric refrigerator that resembles a small ice chest is powered by a car 
battery and has a COP of 0.1. If the refrigerator cools a 0.350-L canned drink from 20 
to 4°C in 30 min, determine the average electric power consumed by the thermoelectric 
refrigerator. p =1 kg/L and C= 4.18 kJ/kg °C. 

Solution: Here, m = pV= 1 x0.350= 0.350 Kg; 

Qcooling = MCAT = 0.350 x 4.18 x (20 — 4) = 23.4KJ 


=> Qcooling = Scots = —s = 0.013KW = 13W 


.. Average power consumed by refrigerator, Wj, = Sevens = = = 130W (Answer) 
R . 


48. An aircraft is flying at a cruising speed of 250 m/s at an altitude of 5000 m where the 
atmospheric pressure is 54.05 kPa and the ambient air temperature is 255.7 K. The 
ambient air is first decelerated in a diffuser before it enters the compressor. Assuming 
both the diffuser and the compressor to be isentropic, determine (a) the stagnation 
pressure at the compressor inlet and (b) the required compressor work per unit mass if 
the stagnation pressure ratio of the compressor is 8. C, = 1.005 KJ/Kg.K and y= 1.4 
Solution: (a) We get, Stagnation temperature at compressor inlet, 


To: = T, + = 255,7 + ——="_ = 286.8K 
ia ie ol " " 2x1.005x1000 : 
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To1 286.8 


Again, Py, = P, x aint = = 54.05 x S84 


(b) Stagnation temperature at ss apie ae 


Toyz = Tor x ayy Y = 286.8 x (8) a = 519.5K 


-1 = 80.77KPa (Answer) 


“ The Soipe sor work per unit mass of air, Win = Cp (Tp2 — Toi) 
= 1.005 x (519.5 — 286.8) = 233.9 KJ/Kg (Answer) . 
49. A refrigerator uses refrigerant-134a as the working fluid and operates on an ideal 
vapor-compression refrigeration cycle between 0.14 and 0.8 MPa. If the 
mass flow rate of the refrigerant is 0.05 kg/s, determine (a) the rate of heat 
removal from the refrigerated space and the power input to the compressor, 
(b) the rate of heat rejection to the environment, and (c) the COP of the 
refrigerator. 


Srs= 9S ATKIKg 


et ace ta a 


Solution: (a) Q, = m (h, — h,) = 0.05 x (239.16 — 95.47) =7.18 KW (Answer) 
And Wi, = m (hz — h,) = 0.05 x (275.39 — 239.16) = 1.81 KW (Answer) 

(b) Qy = m (h, —h3) = 0.05 x (275.39 — 95.47) = 9.0 KW (Answer) 

Or, Qy = Q. + Win = 7.18 + 1.81 = 9.0KW 


() COP = SE = 728 = 3.97 (Answer) 


50. Air enters an adiabatic nozzle at 300 KPa, 500 K with a velocity of 10 m/s. It leaves 
the nozzle at 100 KPa with a velocity of 180 m/s. The inlet area is 80cm’. The specific 
heat of air C, is 1008 J/kg K. Find the exit temperature of air. 

Solution: Here, = 300KPa; T = 500K; V, = 10m/s; P, = 100KPa; V, = 180m/s; 

We get, hy +2>4+Q= hy +> ~+W 

alt Ye = hy hy (00; W=0] 


2 
10? 180? 


° =¢,(= 1) 
- 16150- 1008 (T, — 500) 
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= — 16.02=T, — 500 
= Tz = 500 — 16.02 = 483.98 K = 484K (Answer) 


Exercise 
1. Draw the schematic diagram of Carnot cycle with P-V and T-S diagram. 


¥ s 
2. Draw the schematic diagram of Ericsson cycle with P-V and T-S diagram. 


Kegenerator 
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3. Draw P-V and T-S diagram of Stirling cycle. 


Typical 


0.5 _f compression 05 
a 4 tatios for 3 
= 08 gasoline a 04 
= 03 engines = “Typical 
i 0.3 compression — 
0.2 02 ratios for diesel. 
engines 
0.1 0.1 


2 4 6 8 10 12 14 16 18 20 22 24 


2 4 6 8 #10 12 4 
Compression ratio, r : : 
Compression ratio, r 
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5. Draw graph for Pressure ratio vs Nprayton- 


Te.Braysan 


5 to 15 20 25 


Pressure ratio, "» 
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2.1 Introduction 

The internal combustion (IC) engines are those engines in which the combustion of fuel 

takes place inside the engine cylinder. These are petrol, diesel and gas engines. 

Classification of Internal Combustion Engine: 

There are different types of IC engines that can be classified on the following basis. 

1. According to thermodynamic cycle: 

i) Otto cycle engine or Constant volume heat supplied cycle. 

ii) Diesel cycle engine or Constant pressure heat supplied cycle 

iii) Dual-combustion cycle engine 

2. According to the fuel used: 

i) Petrol engine ii) Diesel engine iii) Gas,engine 

3. According to the cycle of operation: ° 

i) Two stroke cycle engine ii) Four stroke cycle engine 

4. According to the method of ignition: 

i) Spark ignition (SI) engine ii) Compression ignition (CI) engine 

5. According to the number of cylinders: 

i) Single cylinder engine ii) Multi cylinder engine 

6. According to the arrangement of cylinder: 

1) Horizontal engine ii) Vertical engine iii) V-engine iv) In-line engine v) opposite cylinder 

engines vi) opposite piston engines, vii) Radial engine, etc. 

7. According to the method of cooling the cylinder: 

I) Air cooled engine ii) Water cooled engine 

8. According to their applications: 

i) Stationary engine ii) Automobile engine iii) Aero engine iv) Locomotive engine v) Marine 

engine, etc. 

Main Components of IC engine: As a matter of fact, an I.C. engine consists of hundreds of 

different parts, which are important for its proper working. The important components from 

academic point of view are given below: 

1. Cylinder: It is one of the most important parts of the engine, in which the piston moves to 
and fro in order to develop power. Generally, the engine cylinder has to withstand a high 
pressure (more than 50 bar) and temperature (more than 2000°C). Thus the materials for 
an engine cylinder should be such that it can retain sufficient strength at such a high 
pressure and temperature. For ordinary engines, the cylinder is made of ordinary cast iron. 
For heavy duty engines, it is made of steel alloys or aluminium alloys. In case of multiple 
cylinder engines, the cylinders are cast in one block known as cylinder block. 

Sometimes, linear or sleeve is inserted into the cylinder, which can be replaced when worm 

out. As the material required for liner is comparatively small, it can be made of alloy east 

iron having long life and sufficient resistance to rapid wear and tear to the first moving 
reciprocating parts. 

2. Cylinder head: It is fitted on one end of the cylinder, and acts as a cover to close the 
cylinder bore. Generally, the cylinder head contains inlet and exist valves for admitting 
fresh charge and exhausting the burnt gases. In petrol engine, the cylinder head also 
contain a spark plug for igniting the fuel-air mixture, towards the end of compression 
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stroke. But in diesel engines, the cylinder head contains nozzle (i.e. fuel valve) for 
injecting the fuel into the cylinder. The cylinder head is usually cast as one piece and 
bolted to one end of the cylinder. Generally, the cylinder block and cylinder head are 
made from the same material. A copper or asbestos gasket is provided between the 
engine cylinder and cylinder head to make an air-tight joint. 
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3. Piston: It is considered as the heart of an IC engine, whose main function is to transmit 


the force exerted by the burning of charge to the connecting rod. The pistons are 
generally, made of aluminum alloys which are light in weight they have good heat 
conducting property and also greater strength at higher temperature. 

Piston Rings: These are circular rings and made of special steel alloys which retain 
elastic properties even at high temperature. The piston rings are housed in the 
circumferential grooves provided on the outer surface of the piston. Generally, there are 
two sets of rings mounted for piston. The function of the upper rings is to provide air 
tight seal to prevent leakage of the burnt gases into the lower portion. Similarly, the 
function of the lower rings is to provide effective seal to prevent leakage of the oil into 
the engine cylinder. 

Connecting rod: It is a link between the piston and crankshaft, whose main function is to 
transmit force from the piston to the crankshaft. Moreover, it converts reciprocating 
motion of the piston into circular motion of the crankshaft, in the working stroke. The 
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upper (i.e. Smaller) end of the connecting rod is fitted to the piston and the lower (Le. 
bigger) end to the crank the special steel alloys or aluminum alloys are used for 
manufactured of connecting rods. A special care is required for the design and 
manufacture of connecting rod as it is subjected to alternatively compressive and tensile 
stresses as well as bending stresses. 

6. Crankshaft: It is considered as the backbone of an I.C engine whose function is to 
convert reciprocating motion of the piston into the rotary motion with the help of 
connecting rod. This shaft contains one of more eccentric portions called cranks that part 
of the crank, to which bigger end of the connecting rod is fitted, is called cranked pin. It 
has been experienced that too many main bearings create difficulty of correct alignment. 
Special steel alloys are used for the manufacture of crankshaft. A special care is required 
for the design and manufacture of crankshaft. 

7. Crank case: It is a cast iron case, which holds the cylinder and crankshaft of an [.C 
engine it also serves as a sump for the lubricating oil. The lower portion of the crankcase 
is known as bed plate, which is fixed with the help or bolts. 

8. Fly wheel: It is a big wheel, mounted on the crankshaft, whose function is to maintain its 
speed constant. It is done by storing excess energy during the power stroke, which is 
returned during remaining strokes. 


2.2 Definition of MEP, Octane number, Cetane number, flash point, pour point. 
Mean Effective Pressure: As a matter of fact, pressure in the cylinder keeps on changing 
with the position of the piston for all sorts of calculations. We need the mean effective 
pressure, which may be defined as the constant pressure acting on the piston during the 
working stroke. It will be able to do the same amount of work, as done by the actual varying. 
Pressure produced during the cycles. It is ratio of work done to the displacement volume. 
Mathematically, 
Work done 
Stroke Volume 
Efficiency of a Cycle: It may be defined as the ratio of work done to the heat supplied during 
a cycle. 
Stroke Length: The piston move in the cylinder due to rotation of the crank. Its extreme 
positions are known as Top Dead Center (TDC). The distance between the two extreme 
positions is known as stroke length or stroke. 
Compression Ratio: The ratio of full cylinder volume to the clearance volume is known as 
compression ratio. It is an important term in an engine. 
Clearance Volume: The volume occupied by the working fluid, when piston reaches the top 
dead centre is known as clearance volume. It is generally denoted by (Vc). 
Cylinder Bore: The diameter of the cylinders, in which the PRION moves, is known as 
cylinder bore. A 
StrokeV. olume: The volume swept by the piston, when it moves between the two extreme 
positions is known as swept volume, or stroke volume. 


m>— 
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2.3 Supercharging: Supercharging is the process of supplying the air to the engine cylinder 
at a pressure greater than the pressure of surrounding atmosphere. This is done by blower or 
compressor. With the increase of pressure, the density and temperature also increases. 
Supercharging is necessary to increase the power output or to maintain power at altitudes. 
Due to higher intake temperature, supercharging increases the possibility of detonation in 
petrol engines and to decreases the possibility of knocking the diesel engines. 


2.4 Scavenging: Scavenging is the process of removing the burnt gases in I.C. ange from 
the combustion chamber of the engine cylinder. 
There are many types of scavenging. But the followings are most important 
1. Cross flow scavenging (Fig. a): In this method, the transfer port (or inlet port for 
the engine cylinder) and exhaust port are situated on the opposite sides of the engine 
cylinder (as in the case of two stroke cycle engines). 
2. Back flow or loop scavenging (Fig. b): In this method the inlet and outlet ports are 
situated on the same side of the engine cylinder. 
3. Uniflow scavenging (Fig. c): In this method, the fresh charge, while entering from 
one side (or sometimes two sides) of the engine cylinder pushes out the gases 
through the exit valve situated on the top of the cylinder. 


; 
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Fig, Types of scavenging 
2.5 Knocking/Detonation : - 


Auto ignition is the phenomenon by which a fuel catches fire without external flame. I[so- 
octane helps to resist auto-ignition and normal heptane accelerates auto-ignition. 
Pre-ignition is the ignition of the charge in spark ignition engine before the spark occurs in 
the spark plug. Or, pre-ignition is the spontaneous combustion of the mixture before the end 
of the compression stroke. This is due to the cylinder walls being too hot, spark plug 
electrodes over heated or very hot carbon deposits. 

Ignition lag is defined as the time taken by the fuel after injection to reach up to auto- 
ignition temperature. 
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Injection lag is defined as the time before actual fuel injection and pump plunger starts to 
pump fuel. 

‘ Detonation/ knocking: The rapid auto-ignition of a portion of a fuel causes a pressure wave 
of high intensity to be set up in the cylinder of an I.C. engine. This pressure wave of high 
intensity propagates rapidly through the gas gives a violet blow to the walls of the cylinder, 
to the combustion chamber and to the piston. A loud pulsating noise known as knocking is 
produced which gives violent vibration to the engine. The term detonation is used to indicate 
precede of gas vibration and term knock is used to include all phenomenon that arise from 
auto-ignition. The knock in S.I. engines is characterized by sudden auto-ignition of the 
charge farthest away from the spark plug while in case of C.I. engines it is characterized by 
the sudden auto-ignition of the mixture at the very beginning of the combustion process. 
Knocking in CI engine always occurs before TDC means initial phase of combustion 


and detonation in SI engine always occurs after TDC means last phase of combustion. 


‘ Start of combustion 
1 


Pressure 
I 


Time 
SI Engine 


2.6 Function of lubricants/ lube oil: There are several reasons why the proper lubrication of 
machinery is so important. 

1. The lubricant fills the space between the metal parts and acts as a cushion. 

2. The lubricant prevents excessive wear because the film of oil between the parts prevents 
metal to metal contact of the moving parts. 

3. The lubricant helps to overcome friction within the moving parts by allowing one part to 
slip over the other more easily. 

4. The lubricant serves asa cooling agent by carrying away some of the heat produced by the 
friction. 
-5. The lubricant protects the bearing surfaces from rust and corrosion. 
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2.7 Properties of lube oil 

Viscosity Index: The viscosity index measure the variations in the viscosity with changes in 
temperature, the higher the level of viscosity index, the lower the variation of temperature. 
Pour Point: The pour refers to the minimum temperature at which a lubricant/ oil continues 
to flow when cooled. Below the pour point, the oil tends to thicken and to ease to flow freely. 
Flash Point: The flash point is the minimum temperature at which vapors from lubricants 
mixed with air and progressively heated in a standard laboratory receptacle, becomes 
inflammable. 

Total Base Number (TBN): TBN is a property usually associated with engine oils. It is 
defined as the oils ability to neutralize acid. The higher the TBN the acid it is able to 
neutralize. This quality is also referred to as alkaline reserve and is directly proportional to 
the amount of active detergent contained in the oil. 

Total Acid Number (TAN): TAN is a property typically associated with industrial oils. It is 
defined as the amount of acid and acid like material in the oil. A high TAN number 
represents the potential for accelerated rust, corrosion and oxidation and is a signal that the 
oil should be replaced. 

If TAN increases, TBN will decrease in used oil. 


2.8.1 Higher calorific value: Higher calorific value of a fuel portion is defined as the 
amount of heat evolved when a unit weight (or volume in the case of gaseous fuels) of the 
fuel is completely burnt and the products of combustion cooled to the normal conditions 
(with water vapor condensed as a result). 

2.8.2 Lower calorific value: Lower calorific value of a fuel portion is defined as the amount 
of heat evolved when a unit weight (or volume in thé case of gaseous fuels) of the fuel is 
completely burnt and water vapor leaves with the combustion products without being 
condensed. 


2.9 Function of clutch, fly wheel, differential and torque converter. 

Function of clutch: A coupling that connects and disconnects a shaft from its drive while the 
drive mechanism is running. In automobile it is located between the flywheel and gear box of 
a transmission system. In an automotive power train, the device engages and disengages the 
transmission from the engine. In an air-conditioning system, clutch engages and disengages 
the compressor shaft from its continuously rotating drive belt pulley. It is worked baséd on 
frictional force. 

Function of flywheel: Flywheel mounted on crankshaft, whose function is to maintain its 
speed constant and prevent the fluctuation of engine. It is done by storing excess energy 
during the power stroke, which is returned during strokes. It is also prevents the jerks to the 
crankshaft. 

Differential: The differential is a device or gear assembly between two shafts that permits 
the shafts to turn at different speeds (if necessary) while continuing to transmit torque. It is 
used in drive axles to allow different rates of wheel rotation on curves. 

Differentials are used in: 
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1. The rear-drive axle of front-engine, rear-wheel-drive vehicles. 

2. The transaxles of front-engine, front-wheel-drive and rear-engine, rear-wheel-drive 
vehicles. 

3. The front-drive axle and rear-drive axle of four-wheel-drive vehicles. 

4. The transfer case of some four-wheel-drive vehicles. 

Function of torque converter: The hydraulic torque converter is a device used for 

transmitting increased torque at the driven shaft. The torque transmitted at the driven shaft 

may be more or less than the torque available at the driving shaft. The torque at the driven 

shaft may be increased about five times the torque available at the driving shaft with an 

efficiency of about 90%. 


2.10 Advantages and disadvantages of two stroke and four stroke engine: 
_ Advantages: 

1. A two stroke cycle engine gives twice the number of power stroke than the four stroke 
cycle engine at the same engine speed. Theoretically, a two stroke cycle engine should 
develop twice the power as that of a four stroke cycle engine. But in actual practice, a two 
stroke cycle engine develops 1.7 to 1.8 times the power develops by four stroke cycle engine 
of the same dimensions and speed. This is due to lower compression ratio and effective 
stroke being less than the theoretical stroke. 
2. For the same power developed, a two stroke cycle engine is lighter, less bulky and 
occupies less floor area. Thus it makes a two stroke cycle engine suitable for marine engines 
and other light vehicles. 
3. As the number of working strokes in a two stroke cycle engine are twice than the four 
stroke cycle engine, so the turning moment of a two stroke cycle engine is more uniform. 
- Thus it makes a two stroke cycle engine to have lighter flywheel and foundations. This also 
leads to a higher mechanical efficiency of a two stroke cycle engine. 

4. The initial cost of a two stroke cycle engine is considerably less than a four stroke cycle 
engine. . 

5. The mechanism of a two stroke cycle engine is much simpler than a four stroke cycle engine. 
6. The two stroke cycle engines are much easier to start. 

Disadvantages: 

1. Thermal efficiency of a two stroke cycle engine is less than that a four stroke cycle engine, 
because_a two stroke cycle engine has less compression ratio than that of a four stroke cycle 
engine. 

2. Overall efficiency of a two stroke cycle engine is also ess than that of a four stroke cycle 
engine because in a two stroke cycle engine, inlet and exhaust ports remain open 
simultaneously for some time. In spite of careful design, a small quantity of charge is lost 
- from the engine cylinder. 
3. In case of a two stroke cycle engine, the numbers of power strokes are twice those of a 
four stroke cycle engine. Thus the capacity of cooling system must be higher. Beyond a 
certain limit, the cooling capacity offers a considerable difficulty. Moreover, there is a 
greater wear and tear in a two stroke cycle engine. 
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4. The consumption of lubricating oil is large in a two stroke cycle engine because of high 
operating temperature. 

5. The exhaust gasses in a two stroke cycle engine create noise, because of short time 
available for their exhaust. ‘ 


2.11 Short note on- pressure gauge, fuel pump, spark plug, carburetor, fuel pump, 
injector or atomizer, dual fuel and condenser. 

Pressure Gauge: 

A pressure gauge is used to measure the pressure the pressure of the steam inside the steam 
boiler. It is fixed in front of the steam boiler. The pressure gauge generally used for Bourdon 
type. . 

A Bourdon pressure gauge, in its simplest form, consists of an elliptical elastic tube ABC 
bent into an arc of a circle. This bent up tube is called bourdon’s tube. 

One end of the tube gauge is fixed and connected to the steam space in the boiler. The other 
end connected to a sector through a link. The steam, under pressure, flows into the tube. As a 
result of this increased pressure, the Bourdon’s tube tends to straight itself. Since the tube is 
encased in a circular curve, therefore it tends to become circular instead of straight. With the 
help of a simple pinion and sector arrangement, the elastic deformation of the bourdon’s tube 
rotates the pointer. The pointer moves over a calibrated scale, which directly gives the gauge 
pressure. 

Fuel pump: The main object of a fuel pump in a diesel engine is to deliver a fuel to the 
injector which sprays the finely divided particles of the suitable for rapid combustion. The 
simplified of a fuel pump is shown in Fig.(a). It consists of a plunger which moves up and 
down in the barrel by the cam and spring arrangement provided for pushing and lowering the 
- plunger respectively. The fuel oil is highly filtered by means of felt-pack filter before 
entering the barrel of the pump. 

The upper end part of the plunger is cut away in a helix shaped piece forming a grqove 
between the plunger and barrel, which is the most important one. Therefore, the amount of 
fuel delivered and injected into the engine cylinder depends upon the rotary position of the 
plunger in the barrel. Fig. (b) and (c) shows how the top part of the plunger is designed so 
that the correct amount of fuel is delivered to the injector. 


(a) Puc! pump. (6) Beginning of stroke. (c) End of stroke. 
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When the plunger is at the bottom of its stroke as shown (b), the fuel enters the barrel 
through the port. As the plunger rises, it forces this fuel up into the injector, until the upper 
part cut away comes opposite the sill port. Then the fuel escapes down the groove and out 
through the sill port so that injection ceases, as shown in Fig. (c). The plunger can be made to 
rotate in the barrel and therefore more fuel is injected. When the plunger is rotated so that the 
groove is opposite to the sill port, no fuel at all:is injected and thus the engine stops. 

Spark plug: 

It is always screwed into the cylinder head for igniting the charge of petrol engines. It is 
usually, design to with stand a pressure up to 35 bars and operate under a current of 10000 to 
30000 volts. A spark plug consists of central porcelain insulator containing an axial electrode 
length wise and ground electrode welled to it. The central electrode has an external contact at 
the top. 


Terminat 


Insutator 


Central 
electrode 


Ground 
ole: 


Injector or Atomizer: 
The injector or atomizer is an important part of diesel engine which breaks up the fuel and 


sprays into the cylinder into very fine divided particles. 
> Lock nut: 


Carburetor: 

The carburetor is a device for atomizing and vaporizing the fuel and mixing with the air. In 
the varying proportions to suit the changing operating conditions of the engines. The process 
of breaking up and mixing the fuel with the air is called carburetor. 
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Condenser: 
The condenser or cooler consist of coils of pipe in which the high pressure and temperature 
vapour refrigerant is cooled and condensed. The refrigerant, while passing through the 
condenser, gives up its latent heat to the surrounding condensing medium which is normally 
air or water. 


2.12 Cooling system for I.C. engines 

The following to system are used for cooling the I.C engine: 

1. Air cooling system: The air cooling system is used in the engines of motor cycles, 
scooters; Car engines aero planes and other stationary installations. In this system the heat 
dissipated directly to the atmospheric air by conduction through the cylinder wall. 

2. Water cooling system: The water cooling system is used in the engines of cars, buses, 
trucks, etc. In this system the water is circulated through water jackets around each of 
combustion chambers, cylinders, valve seats and valve steams. The water is kept 
continuously in motion by a centrifugal water pump. : 


2.13.1 Valve timing diagram for four stroke Diesel engine: 

In the valve timing diagram as shown in figure, we see that the inlet valve opens before the 
piston reaches TDC; or in other words while the piston is still moving up before the 
beginning of the suction stroke. Now the piston reaches the TDC and the suction stroke 
starts. The piston reaches the BDC and then starts moving up. The inlet valve closes, when 
the crank has moved a little beyond the BDC. This is done as the incoming air continues to 
flow into the cylinder although the piston is moving upwards from BDC. 
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‘TOE: Top:dead-centre. - 

BDC ; Bottom:deaa eentré 
-1VO*: Inlet valve-opens'{10° - 20° before TDE) - 
iVC.: Inlet valve closes (25° --40° after BDC) 

FO :Pishvalve opens(10° =15° betoré: TDC) 
FVE : Fuel valve closes (15° - 20° alter TDC) 
EVO: Exhaust valve opens (39% = 60° before BDC) 


EVG.-Exhaustvalve closes (10° - 15° after TDC). 


BDC 


Now the air is compressed with both valves closed; Fuel valve opens little before the piston 
reaches the TDC. Now the fuel is injected in the form of very fine spray into the engine 
cylinder, which gets ignited due to high temperature of the compressed air. The fuel valve 
closes after the piston has come down a little from the TDC. This is done as the required 
quantity of fuel is injected into the engine cylinder. The burnt gases (under high pressure and 
temperature) push the piston downwards, and the expansion or working stroke takes place. 
Now the exhaust valve opens before the piston again reaches BDC and the burnt gases start 
leaving the engine cylinder. Now the piston reaches BDC and then starts moving up thus 
performing the exhaust stroke. The inlet valve opens before the piston reaches TDC to start 
suction stroke. This is done as the fresh air helps in pushing out the burnt gases. Now the 
piston again reaches TDC and the suction starts. The exhaust valve closes when the crank has 
moved a little beyond the TDC. This is done as the burnt gases continue to leave the signe 
cylinder although the piston is moving downwards. 

2.13.2 Valve timing diagram for four stroke Petrol: 

In the valve timing diagram, as shown in figure, we see that the inlet valve opens before the 
piston reaches TDC; or in other words, while the piston is still moving up before the 
beginning of the suction stroke. Now the piston reaches the TDC and the suction stroke 
starts. The piston reaches the BDC and then starts moving up. The inlet valve closes, when 
the crank has moved a little beyond the BDC. This is done as the incoming charge continues 
to flow into the cylinder although the piston is moving upwards from BDC Now the charge is 
compressed (with both valves closed) and then ignited with the help of a spark plug before 
the end of compression stroke. This is done as the charge reaches TDC, the burnt gases 
(under high pressure and temperature) push the piston downwards with full force and the 
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TDC : Top dead centre 
BDC: Bottom-dead centre 


% TIVO: inlet valve opens (10°-20° before TDC) 

IVC : Inlet valve closes (30°- 40° after BDC) 

AGN: Ignition (20°-30° before:TDC) 

EVO : Exit valve opens (30°-50° before BDC) 
EVC = Exit valve cues (10°-15° after TDC) 


com pre SSion 


expansion or working stroke takes place. Now the exhaust valve opens before the piston 
again reaches BDC and the burnt gases start leaving the engine cylinder. Now the piston 
reaches BDC and then starts moving up, thus performing the exhaust stroke. The inlet Valve 
opens before the piston reaches TDC to start suction stroke. This is done as the fresh 
incoming charge helps in pushing out the burnt gases. Now the piston again reaches TDC, 
and the suction stroke starts. The exit valve closes after the crank has moved a little beyond 
the TDC. This is done as the burnt gases continue to leave the engine cylinder although the 
piston is moving downwards. It may be noted that for a small fraction of a crank revolutions, 
both the inlet and outlet valves are open. This is known as valve overlap. 

2.14.1 Indicator Diagram of SI engine: 

In the indicator diagram of a four stroke cycle petrol engine the suction stroke is identified by 
the line 1-2, which lies below the atmospheric pressure line. It is this pressure difference, 
which makes the fuel air mixture to flow into the engine cylinder. The inlet valve offers some 
resistance to the incoming charge. That is why; the charge cannot enter suddenly into the 
engine cylinder. As a result of this, pressure inside the cylinder remains somewhat below the 
atmospheric pressure during the suction stroke. The compression stroke is shown by the line 
2-3, which shows that the inlet valve closes (I.V.C) a little beyond 2(i.e. BDC). At the end of 
this stroke, there is an increase in the pressure inside the engine cylinder. Shortly before the 
end of compression stroke (i.e. TDC.), the charge is ignited (IGN) with the help of spark plug 
as shown in the figure. The sparking suddenly increases pressure and temperature of the 
products of combustion. But the valve, practically, remains constant as shown by the line 3.4. 
The expansion stroke is shown by the line 4-5, in which the exit valve opens (EVO) a little 
before 5 (i.e. B.D.C). Now the burnt gases are exhausted into the atmosphere through the exit 
valve. The exhaust stroke is shown by the line 5-i, which lies above the atmospheric pressure 
line. It is this pressure difference, which makes the burnt gases to flow out of, the engine 
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cylinder. As a result of this, pressure inside the cylinder remains somewhat above the 
atmospheric pressure line during the exhaust stroke. 


—— Pressure —> 


— Velume —> 
Indicator Diagram For A Four 
Stroke Cycie Petrol Engine. 


2.14.2 Indicator Diagram of CI engine: The suction stroke is shown by the line 1-2 which 
lies below the atmospheric pressure line. It is this pressure difference, which makes the fresh 
air to flow into the engine cylinder. The inlet valve offers some resistance to the incoming 
air. That is why; the air cannot enter suddenly into the engine cylinder. As a result of this, 
pressure inside the cylinder remains somewhat below the atmospheric pressure during the 
suction stroke. The compression stroke is shown by the line 2-3 which shows that the inlet 
valve closes (IVC) a little beyond 2 (i.e. BDC). At the end of this stroke, there is an increase 
of pressure inside the engine cylinder shortly before the end of compression stroke (i.e. TDC 
fuel valve opens (FVQO) and the fuel is injected into engine cylinder. The fuel is ignited by 
high temperature of the compressed air. The ignition suddenly increases volume and 
temperature of the products of combustion. But the pressure, practically, remains constant as 
shown by the line 3-4. The expansion stroke is shown by the line 4-5 in which they exist 
valve opens a little before BDC. Now the burnt gases are exhausted into the atmosphere 
through the exit valve. The exhaust stroke is shown by the line 5-1, which lies above the 
atmospheric pressure line. [t is this pressure difference, which makes the burnt gases to flow 
out of the engine cylinder. They exist valve offers some resistance to the outgoing burnt 
gases. That is why; the burnt gases cannot escape suddenly from the engine cylinder. As a 
result of this pressure inside the cylinder remains somewhat above the atmospheric pressure 
line during the exhaust stroke. 
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Cycle Diesel Engines. 


2.14.3 Main Characteristics Curve of IC Engine 
Engine Power and Torque Curves 


Torque (NM) 


1000 2000 3000 4000 5000 6000 


Speed (RPM) 
2.15 Fuel 


A fuel in general terms, may be defined as a substance (containing mostly carbon and 
hydrogen) which, on burning with oxygen in the atmospheric air, produces a large amount of 
heat. 

Merits of liquid fuel over solid fuel: 

Higher calorific value. 

Lower storage capacity required. 

Better economy in handling. 

Better control of consumption by using valves. 

Better cleanliness and freedom. 

Practically no ashes. 


DY SAY ee eh 
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7. Non-deterioration in storage 
8. Non-corrosion of boiler plates. 
9. Higher efficiency. 
Demerits of liquid fuel over solid fuel: 
1. Higher cost. 
2. Greater risk of fire. 
3. Costly containers are required for storage and transports. 


2.16 Cooling system of I.C. engine 
A system which controls the engine temperature is known as a cooling system. An 
Automobile’s cooling system is the collection of parts and substances (coolants) that work 
together to maintain the engine temperature at optimal level. 
Internal Combustion engines, combustion of air and fuel takes place inside the engine 
cylinder and hot gases are generated. The temperature of gases will be around 2300-2500°C. 
This is a very high temperature and may result into burning of oil film between the moving 
parts and may result to seizing or welding of the same. 
So, this temperature must be reduced to about 150-200°C at which the engine will work most 
efficiently. Too much cooling is also not desirable since it reduces the thermal efficiency. So, 
the object of cooling system is to keep the engine running at its most efficient operating 
temperature. 
Types of cooling system: 
There are mainly two types of cooling systems: 

(a) Air cooled system and 

(b) Water cooled system. 
Difference between air cooling and water cooling 


Water Cooling 


In air cooled system Fins are provided|1. In water cooling system a radiator is used 
around the cylinder and head to transmit to transfer the heat. 

heat. 

Minimum temperature cannot . Minimum temperature of the water can 
be controlled in air cool system. be controlled by using a thermostat . 


Engine oil temperature raises to high |3. Engine oil temperature is under control in wat 
and requires frequent draining. er cooled system. 

Less space compared to water cooled|/4.. More space required for water cooled engines. 
engine requires for air cooled engines. 

Air cooled engines are noisy than water . Water cooled engines are free from noise. 
cooled engines. 


2.17 Governing 
The process of providing any arrangement, which will keep the engine speed constant 
according to the changing load (conditions) is known as governing of I.C engines. 
There are many methods of governing. These followings are more important 

|. Hit and miss governing: In this system of governing, whenever the engine starts running 
at higher speed (due to decreased load), some explosions are omitted or missed. This is 
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done with the help of a centrifugal governor. This method of governing is widely used for 
I.C engines of smaller capacity or gas engines. 

2. Qualitative governing: In this system of governing, a control valve is fitted in the fuel 
delivery pipe, which controls the quantity of fuel to be mixed in the charge. The 
movement of control valve is regulated by the centrifugal governor through rack and 
pinion arrangement. 

3. Quantitative governing: In this system of governing, the quality of charge (air-fuel ratio 
of mixture) is kept constant. But the quantity of mixture supplied to the engine cylinder is 
varied by means of a throttle valve which is regulated by the centrifugal governor through 
rack and pinion arrangement. 

4. Combination system of governing: In this system of governing, the qualitative and 
quantitative methods of governing are combined together. 


2.18.1 Homogenous charge engine: Homogeneous charge compression ignition (HCCI) is a 
form of internal combustion in which well-mixed fuel and oxidizer (typically air) are 
compressed to the point of auto-ignition. 


2.18.2 Advantage and disadvantage of rotary engine over reciprocating engine 
Advantages: 

1) Having higher output for similar displacement and physical size. 

2) No reciprocating parts. Considerably simpler and contain far fewer moving parts. For 
instance, because valving is accomplished by simple ports cut into the walls of the 
rotor housing, they have no valves or complex valve trains. 

3) Since the rotor is geared directly to the output shaft, there is no need for connecting 
rods, a conventional crankshaft, crankshaft balance weights, etc. 

4) Producing not only a smoother flow of power but also the ability to produce more 
power by running at higher rpm. , 

5) The simplicity of design and smaller size also allow for a savings in construction 
costs. 

6) The shape of the combustion chamber and the turbulence induced by the moving 
rotor prevent localized hot spots from forming. 

7) Operates with almost no vibration. 

Dis-advantages: 

|. The design of the engine requires numerous sliding seals and a housing that is 
typically built as a sandwich of cast iron and aluminum pieces that expand and 
contract by different degrees when exposed to heating and cooling cycles in use 

2. These elements led to a very high incidence of loss of sealing, both between the rotor 
and the housing and also between the various pieces making up the housing. 

3. Sudden global concern over both hydrocarbon emission and a rise in the cost of 
gasoline. 

4. The shape of the combustion chamber prevents resignation; it also leads to 
incomplete combustion of the air-fuel charge, with the remaining unburned 
hydrocarbons released into the exhaust. 
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Mathematical Problems 
Mean effective pressure: It is the ratio of the net work done to the displacement volume of 
the piston. It is a valuable measure of an engine's capacity to do work that is independent of 


engine displacement. 
2nTn 


“Va 

Pmep = Mean effective pressure, Pa 

T= torque, N-m 

V4 = Displacement volume, m° 

n= number of revolutions per cycle (for a 4-stroke engine n = 2, for a 2-stroke engine n= 1) 


Le, Prep = 


1. A four-stroke engine producing 160 N-m from 2 litres of displacement. What will be 
it brake mean effective pressure (bmep) ? 


Solution: 
We know, Given, 
p 2 2uTn T= 160N-m 
sa a, Vq4 = 2 Litres = 2 x 1073m? 
2m X 160 x 2 Pmep = ? 
= Fnep = 2X 40-3 n=2 


= 1.005 x 10° Pa (Answer) 
2. A four-stroke engine produces 76K W from 2 litres of displacement at 5400rpm and 
90Hz. What will be it brake mean effective pressure (bmep)? 


‘ 


Solution: 
We get, Given, 
P=To P= 76K W=76000W 
sap = 28000) 4594: 4N mM Vy = 2 Litres = 2 x 1073m3 
w 2xnmx90 P —? 
“P _ 2uTn mep : 
mep — Va n=2 
_. 2mx134.4x2 
= Emiey = aig 


= 844.44 x 103 Pa (Answer) 


3. A 4-Cylinder, 2-stroke IC engine has the following particulars: engine speed = 3000 
rpm, bore = 120 mm, crank radius = 60 mm, mechanical efficiency = 90% and the 


engine develops 75 bhp. Calculate the swept volume and mean effective pressure 
(MEP). 


Solution: 
h k 2mN 27 X3000 
Here, Nm = ep erake power) oy= ZEN =. 205000 = 314.2 rad/s 
ihp (engine power) 60 60 
=> 0.9= = We get, 


Stroke= 2 x crank radius 
= 4x2x (.12)? x 2 x 0.06 
= 5.43x1073 m?(Answer) 


“ P = 83.33 hp = 62141.67W 
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We get, 
P=To 

P _ 62141.67 
=>T= — = ———- = 197.77 N.m 

a) or 

2uTn 
Prep F Va 
__ 2™x197.77x1 
=—> P ee 
mep 5.43x1073 


= 228853.09 Pa (Answer) 
4. A fuel has the following composition by mass: Carbon 86%, Hydrogen 11.75%, 
Oxygen 2.25%. Calculate the theoretical air supply per kg of fuel, and the mass of 
products of combustion per kg of fuel. 
Solution: 
Given, C=86% = 0.86 kg; Ho=11.75% = 0.1175kg; O2=2.25%=0.0225 kg. 
Theoretical air supply per kg of fuel 
We know that theoretical air supply per kg of fuel 


7 100 


= i01EC + BH, + S) — 02] kg 
__i00 100 (8 x 0.86 + 8 x 0.1175 + 0) — 0.0225] kg 


r =13. 96 kg. (Answer) 
Mass of product of combustion 
The chemical equation of Carbon and Hydrogen with Oxygen are 
i. C+O2 = CO2 
il. 2H, + O2 = 2H2O 
We know that 1 kg of Carbon produces = kg of Carbon dioxide and | kg of Hydrogen 
produces 9 kg of water. 
:. Total mass of the products of combustion 
=x C+ 9H, kg 
== x 0.86 + 9 x 0.1175 
= 4,21 kg (Answer) 
5. A producer gas, used as a fuel, has the following volumetric composition: H2=28%; 
CO=12%; CHy=2%; CO2=16%; N2=42% .Find the volume of air required for complete 
combustion of 1 m° of gas. Air contains 21% by volume of Oxygen. 


Solution: 

Given, Hy=28%= 0.28m?; Co=12%= 0.12m?; CH4=2%=0.02m?; CO. = 16% = 0.16m’; 
N2=42%=0.42 m?. 

We know that theoretical air required 


= 2° [(0.5C0 + 0.5H, + 2CHy + 3C,H4) — 02] m’ 
Bee Cee Oe Be Gee 0] m 
2s, 143 m (Answer) 


_ too 
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_ 6. A blast furnace gas has the following volumetric composition: CO2; = 11%; 

CO = 27%; H, = 2%; and Nz = 60% ; ; Find the theoretical volume of air required 
for the complete combustion of 1 m? of the gas. 

Solution: 

Given, CO, = 11% = 0.11m?; CO=27% =0.27 m’; Hz = 2% = 0.02m3 ; Nz = 60% = 
0.6 m3; 


We know that the theoretical volume of air required 


=+2°1(0,5CO + 0.5Hy + 2CH4 + ea! ‘a 


{oo 


Sar et Coen 
= = 0.69 m? (Answer) 


7. A steam boiler uses pulverized coal in the furnace. The ultimate analysis of coal (by 
mass) as received is : C=78%; H, = 3%; O02 = 3%; S=1% ; ash= 10% ; and moisture 
5% . Excess air supp is 30%. Calculate the mass of air to be supplied per kg of coal 
burnt. 

Solution: 

Given, C=78%=0.78 kg; 02 = 3% = 0.03 kg; S=1%=0.01 kg; Ash=10%=0.1 kg; Moisture 
= 5%=0.05 kg; Excess air supplied =30%. 

We know that theoretical air required to burn | kg of coal 

=i [(Ec + 8H, +S) — 02] kg 


23 
=i [(2 x 0.78 + 8 x 0.03 + 0.01) — 0.03] kg 
= 10.1 kg 
= 30x10.1 

100 
= 3.03 kg 


And mass of air to be supplied per kg of coal burnt 

=Theoretical air + Excess air 

= 10.1+3.03 kg 

= 13.13 kg (Answer) 
8. A gas fuel has the following percentage composition by volume: 
CO=10%; Hz = 50%; CH, = 26%; O02 = 3% ; COZ = 2%; and Nz = 9%; 
Estimate the minimum volume of air required for complete combustion of 1 kg of the 
gas. Air contains 21% by volume of Oxygen. 
Solution: 
Given , CO=10% = 0.1 m’ ; H, = = 50% =0.5 m'; ; CHy = = 26% = 0.26 m’; 0, = 3% = 
0.03 m>?; CO, = 2% = 0. 02 m°> ; No = 9% = 0.09 m’ ; Excess air supplied 50%. 


We know that the minimum volume of air required 
100 


=, [aco ee: SH + + 2CH,) — 02] m’ 


- 205 x04 +05 x 08 +2 0.26) ~ 0.03] m 
= 3.76 m (Answer) 


.. Excess air supplied per kg of coal 
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9. During a boiler trial, the dry flue gas analysis by volume was reported as 

CO2 = 13% ; CO=0.3% ; O02 = 6%; N2=80.7% ; 

The coal analysis by mass was reported as 

C= 62.4% ; H, = 4.2% ; O2 = 4.5% ; moisture 15% ; ash=13.9% . 

Calculate the minimum air required to burn 1 kg of coal. 

Solution: 

Given , For coal(by mass) : C=62.4%=0.624 kg ; Hp = 4.2% = 0.042 kg; 0, = 4.5% = 
0.045 kg; Moisture =15% = 0.15 kg ; Ash=13.9% = 0.139 kg ; 


We know that minimum air required to burn | kg of coal 


100 
= 120 ((2C + 8H, +S) — On)kg 


= 220 1(2 x 0.624 + 8 x 0. 042) — 0.045] kg 


= 8.5 kg (Answer) 


Air Fuel Ratio Related Mathematical Problems 
Air Fuel Ratio: It is defined as the ratio of the mass of air to the mass of fuel for a 
combustion process. 


—™a _ @™*M)a 
AIF me  (nxM)a 


Stoichiometric or theoretical air: The minimum amount of air needed for the complete 
combustion of a fuel is called the stoichiometric or theoretical air. 

Excess air: The amount of extra air than the stoichiometric is called excess air. Amount of 
air less than stoichiometric amount is called (deficiency of air). 

Equivalence ratio: Equivalence ratio is the ratio of the actual fuel- air ratio to the 
stoichiometric fuel-air ratio. Sometimes this ratio is given in term of A/F ratio and called 


mixture strength. 
F 
G Nie open 


Equivalence ratio, @ = @ A) 77 eee ‘ 
actual r Stoich 


where, n = number of moles and M= molar mass 


a> 


Where: 

o = 1: stoichiometric 

 < 1: lean (week) mixture- excess of air. 

> 1: rich mixture- deficiency of air. 

A general reaction equation of a hydrocarbon fuel for stoichiometric condition with air is 
given by: 


CaHm + (n+ 7) 02 + 3.76 (n+) Nz > nCO, +H,0 + 3.76 (n+ 4 =) Nz 


10. Isooctane is burned with 120% theoretical air in small three cylinder turbocharged 
automobile engine. Calculate: 

1) air fuel ratio 

2) fuel air ratio 

3) equivalence ratio 
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Solution: 

Stoichiometric reaction: 

CgHig + 12.50, + 12.5 (3.76)N> — 8CO, + 9H,O + 12.5 (3.76)N> 
With 20% excess air: 

CgHig + 150, + 15 (3.76)N, — 8CO, + 9H,0 + 15 (3.76)N5+2.50, 


pe Ma _ @xM)a _ 154.7629 
1. A/F= me = Ms aa 18.16 (Answer) 
2. F/A =—— = — = 0.055 (Answer) 
we 18.16 


3. Fuel-air sae oF stoichiometric combustion: 
-_ (MxM) _ _ 1[(12x8)+(2x9)] __ 
(F/A)stoich= 7 ma (nXM)q—-:12.5X4.76x29 0.066 


(sso a @acouas = ene. = 0.833 (Answer) 


Equivalence ratio, @ = 0.066 


F/actual Stoich 


[N.B.: 120% theoretical air means 20% extra, i.e., 0.2*12.5=2.5; for n, (1+3.76)] 

11. A sample of coal has the following composition by mass: 

C 75%; H 6%; O 8%; N 2.5%; S 1.5% and ash 7%. Calculate its higher and lower 
calorific values per kg of coal. 

Solution: 

Given, : C= 75%=0.75 kg ; Hz = 6% = 0.06 kg ; 0, = 8% = 0.08 kg;; N2 = 2.9% = 
0.025 kg ; S=1.5%=0.015; Ash=7% = 0.07 kg ; 

Higher Calorific Value 


H.C.V= 33800C + 14400(H, — 22) + 9270S 


= 33800 x 0.75 + 14400 (0.06 —°* 


= 32689 KJ/Kg (Answer) 
Lower Calorific Value 
LCV = H.C.V— 9H, x 2466 
= 32689—9x0.06x2466 
= 31358.3 KJ/Kg (Answer) 


2) + 9270 x 0.015 


ae 
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3.1.1 Introduction 

Fluid mechanics is the study of fluids either in motion (fluid dynamics) or at rest (fluid 
statics). Both gases and liquids are classified as fluids, and the number of fluid engineering 
applications is enormous: breathing, blood flow, swimming, pumps, fans, turbines, airplanes, 
ships, rivers, windmills, pipes, missiles, icebergs, engines, filters, jets, and sprinklers, to 
name a few. 

3.1.2 Newton's law of viscosity 

Newton's law of viscosity states that the shear stress between adjacent fluid layers is 
proportional to the negative value of the velocity gradient between the two layers. 

The ratio of shear stress to shear rate is a constant, for a given feeettS and pressure, and 
is defined as the viscosity or coefficient of viscosity. 


du i i 
Te ay / 
du 
c= ta 


Where, : = Viscosity, 
t = Shear stress 


out 
d : : ' a 
rf = Velocity gradient/ rate of shear deformation raeient dy 


velocity, u 
Kinematic Viscosity: It is defined as the ratio between the dynamic viscosity and density of 
fluid. 


Dynamic Viscosity: 

When two solid bodies in contact, move relative to each other, a friction force develops at the 
contact surface in the direction opposite to motion. The situation is similar when a fluid 
moves relative to a solid or when two fluids move relative to each other. The property that 
represents the internal resistance of a fluid to motion (i.e. fluidity) is called as viscosity. The 
fluids for which the rate of deformation is proportional to the shear stress are called 
Newtonian fluids. The shear stress ( T) is then expressed as, 


Where, . is the shear strain rate and p is the dynamic (or absolute) viscosity of the fluid. 


3.1.3 Different types of Flow 

Laminar Flow: Laminar flow is defined as that type of flow in which the fluid particles 
move along well defined paths or stream line and all the stream lines are straight and parallel. 
Turbulent Flow: Turbulent flow is that type of flow in which the fluid particles move in a 
zig zag way. 

Steady Flow: Steady flow is defined as that type of flow in which the fluid characteristics 
like viscosity, pressure, density, etc; at a point don’t change with time. 
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Unsteady Flow: Unsteady flow is that type of flow, in which the velocity, pressure or 
density at a point changes with respect to time. 


3.2 Fluid types 

Real Fluid: A fluid which possesses viscosity is known as real fluid. All fluids, in actual 
practice, are real fluid. 

Ideal Fluid: A fluid, which is incompressible and is having no viscosity, is known as an ideal 
fluid. Ideal fluid is only an imaginary fluid. 

Newtonian Fluid: A real fluid in which the shear stress is directly proportional to the rate of 
shear strain (velocity gradient) is known as a Newtonian fluid. 

Non-Newtonian Fluid: A real fluid in which the shear stress is not proportional to the rate of 
shear strain is known as Non-Newtonian Fluid. 


Newtonian Fluid 


Ditatant 


Shear stress 


Shear stvain rate 
3.3.1 Bernoulli’s equation 


Py = + z = constant 

y 2g 

Where 
p = pressure 

v = velocity of fluid 

z = datum energy 

y = specific weight = pg 

= pressure energy 


uo} 


Y 
2 
= = kinetic energy 
3.3.2 Euler’s equation of Motion 

d 

at g.dx + vdv = 0 


3.4.1 Pump 
The hydraulic machines which convert the mechanical energy into hydraulic energy are 
called pumps. 


Pumps are in general classified as Centrifugal Pumps (or Roto-dynamic pumps) and 
Positive Displacement Pumps. 
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Centrifugal pumps can be classified further as 
e end suction pumps 

¢ in-line pumps , 

e double suction pumps 

e ‘vertical multistage pumps 
e horizontal multistage pumps 
e 

e 


submersible pumps 
self-priming pumps 
axial-flow pumps . 
re 


enerative pumps 


3.4.2 Centrifugal pump 


Reciprocating pumps - piston, plunger and 
diaphragm 

Power pumps 

Steam pumps 

Rotary pumps - gear, lobe, screw, vane, 
regenerative (peripheral) and progressive 
cavity 


If the mechanical energy is converted into pressure energy by means of centrifugal force 
acting on fluid, the hydraulic machine is called centrifugal pump. 
The centrifugal pump acts as a revérsed of an inward radial flow reaction turbine. 


Main parts of centrifugal pump: 


1) Impeller-the rotating part of a centrifugal pump. - 


2) Casing 


3) Suction pipe with a foot valve and a strainer 


4) Delivery pipe 


Types of casing- 1) Volute casing, 2) Vortex casing and 3) Casing with guide blades 
. (ERS att Discharge nagele 


A Siting Box 
B Packing 
C shat 

D Sha Seeve 


Volute 


Suchen 
mosz te 


Casing 


| Bearings 
s st 


Centrifugal Pump 
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Centrifugal double suction pumps 


Rotary pumps - gear, lobe, screw, vane, 


Positive regenerative (peripheral) and ‘ 
displacement progressive cavit 
Steam pumps 


3.4.3 Multistage centrifugal pumps 

A multistage centrifugal pump has two important functions: 

1) To produce a high head and 2) To discharge a large quantity of liquid 

If high head is to be developed, the impeller are connected __ in series (or on the same shaft) 
while for discharging large quantity of liquid, the impellers (or pumps) are connected in 
parallel. 

3.4.4 Net positive suction head 

Net positive suction head (NPSH) is defined as the difference between the pump’s inlet 
stagnation pressure head and the vapor pressure head. 

Or, the net positive suction head (NPSH) is defined as the difference between the net inlet 
head and the head corresponding to the vapour pressure of the liquid. 
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Pp v2 P, 
NPSH = or i 2g Pump inlet — pg 
We may think of NPSH as the actual or available net positive suction head. On the other 
hand, required net positive suction head (NPSH required) is defined as the minimum NPSH 
necessary to avoid cavitation in the pump. As long as the actual NPSH is greater than NPSH 
required, there should be no cavitation in the pump. 
3.4.5 Priming of centrifugal pump 
Priming of a centrifugal pump is defined as the operation in which the suction pipe, casing 
of the pump and a portion of the delivery pipe up to the delivery valve is completely filled up 
from outside soufce with the liquid to be raised by the pump before starting the pump. Thus 
the air from these parts of the pump is removed and these parts are filled with the liquid to be 
pumped. When the pump is running in air, the head generated is in terms of metre of air. If 
the pump is primed with water, the head generated is same metre of water. But as the density 
of air is very low, the generated head of air in terms of equivalent metre of water head is 
negligible and hence the water may not be sucked from the pump. To avoid this difficulty, 
priming is necessary. 
3.4.6 Cavitation 
Cavitation is defined as the phenomenon of formation of vapor bubbles of a flowing liquid i in 
a region where the pressure of the liquid falls below its vapor pressure and the sudden 
collapsing of these vapor bubbles in a region of high pressure. When the vapor bubbles 
collapse, a very high pressure is created. The metallic surface, above which the liquid is 
flowing, is subjected to these high pressures, which cause pitting action on the surface. Thus 
cavities are formed on the metallic surface and also considerable noise and vibrations are 
produced. 
Precaution against cavitation: the following precautions should be taken against cavitation: 
i) The pressure of the flowing liquid in any part of the hydraulic system should not be 
allowed to fall below its vapor pressure. If the flowing liquid is water, then the absolute 
pressure head should not be below 2.5m of water. 
ii) The special materials or coatings such as aluminium-bronze and ss, which are cavitation 
resistant materials, should be used. 
Effects of cavitation: the following effects of cavitation: 
i) The metallic surfaces are damaged and cavities are formed on the surfaces. 
ii) Due to sudden collapse of vapor bubble, considerable noise and vibrations are produced. 
iii) The efficiency of a turbine decreases due to cavitation. The work done by water or 
output horse power becomes less and thus efficiency decreases. 
3.4.7 Reciprocating pump 
If the mechanical energy is converted into hydraulic energy (or pressure energy) by sucking 
the liquid into a cylinder in which a piston is reciprocating. (moving backwards and 
forwards), which exerts the thrust on the liquid and increases its hydraulic energy (pressure 
energy), the pump is known as reciprocating pump. a 
Main parts of reciprocating pump: 
I. A cylinder with a piston, piston rod, connecting rod and a crank, 2. Suction pipe 
3. Delivery pipe 4. Suction valve and delivery valve. a : ; 
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DELIVERY PIPE 


DELIVERY VALVE 


CYLINDER 
PISTON 


‘piston Rob A 
SUCTION VALVE ¥ 
‘SUCTION PIPE I— L=2r —~j 


3.4.8 Slip of reciprocating pump 

Slip of a pump is defined as the difference between the theoretical discharge and actual 
discharge of the pump. The actual discharge of a pump is less than the theoretical discharge 
due to leakage. 

Mathematically, slip= Qin — Qact 


Percentage of slip = aan x 100% 
t 


= (1— cg) x 100%, where Cg is Co-efficient of discharge. 
Negative slip of reciprocating pump: Slip is equal to the difference of theoretical discharge 
and actual discharge of the pump. If actual discharge is more than the theoretical discharge, 
the slip of the pump will become negative. In that case, the slip of the pump is known as 
negative slip. ve : 
Negative slip occurs when delivery pipe is short, suction pipe is long and pump is running at 
high speed. 
Separation: if cylinder pressure is less than the vapor pressure of liquid then the dissolved 
gases liberated from the liquid and cavitation takes place. As a result continuous flow of 
liquid does not exist and it is called separation. 


3.4.9 Why cavitation will occur in Centrifugal Pumps and not in displacement pump? 
Cavitation is production of vapor phase of liquid when the pressure within the flow goes so 
low it approaches vapor pressure. 

So, it is boiling’ of liquid due to immense pressure drop rather than heat addition __ 
Considering the mechanism of formation, cavitation cannot happen just by low presstire _ 
(although that is a necessary condition). Inception of cavitation in a multi-component liquid 
at pressures near vapor pressure requires presence of nuclei which contain vapor, air or both. 
Cavitation occurs when these nuclei become unstable and aid to sudden localized flow 
instability. Since centrifugal pumps operation is Based on use of hydrofoils, this phenomenon 


Fundamentals of Mechanical Engineering 3-7 


of unstable nuclei happens in this case only. The major instability in centrifugal pumps can 
be due to one of the following causes: 

- Too high flow velocity for a given geometry leading to extreme turbulence over hydrofoil 

- Sharp edge hydrofoil (used to reduce drag but leads to early cavitation) 

-Turbulent shear flow (flow itself turbulent) 

- Other special cases like Water entry cavity and bubble chambers. 

No doubt, positive displacement pumps do have nuclei but they are stable. And there stability 
is not aggravated since no such events occur in positive displacement pumps. 

3.5 Function of orifice meter, venturimeter, manometer and Pitot tube 

Orifice meter: It is a device used for measuring the rate of flow of fluid through a pipe. It is 
a cheaper device compared to venturimeter. It consists of a flat circular plate which has a 
circular sharp edged hole called orifice through it may vary from 0.4 to 0.8 times the pipe 
diameter. 

Venturimeter: A venturimeter is a device used for measuring the rate of flow of fluid 
flowing through a pipe. It is based on the principle of Bernoulli’s eon It consists of 


three parts: 
I. A short converging part . 
I]. Throat, and Bs 


III. Diverging part 

Pitot tube: It is a device for measuring the velocity of flow at any point in a pipe or a 
channel. It is based on the principle that if the velocity of a flow at point becomes zero, the 
pressure there is increased due to the conversion of the kinetic energy. It consists of a glass 
tube bent at right angles 

3.6 Water Hammer 

When a liquid is flowing through a long pipe fitted with a valve at the end of the pipe and the 
valve is closed suddenly a pressure wave of high intensity is produced behind the valve. This 
pressure wave of high intensity is having the effect of hammering action on the walls of pipe. 
This phenomenon is known as water hammer. 


Water Column 
Leading Edge 


The pressure rise due to water hammer depends upon: (i) the velocity of flow of water in 
‘pipe, (ii) the length of pipe, (ii) time taken to close the valve, (iii) Elastic properties of the 
material of the pipe. The following cases of water hammer in pipes will be considered: 

1. Gradual closure of valve, 

2. Sudden closure of valve and considering pipe rigid, and 

3. Sudden closure of valve and considering pipe elastic. 

3.7 Valves 

Valves isolate, switch, and control fluid flow in piping systems. Can be operated manually 
(using levers or gear operators) or remotely (using electric, pneumatic, electro-pneumatic and 
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electro-hydraulic powered actuators). Manual valves are usually used only if they will be 
operated infrequently or no power source is available. 

Basic Valve Types 

Isolation valves: On/off valves typically operated as fully open or fully closed and designed 
to have a tight reliable seal during shut-off and minimal flow restriction when open. Such as: 
Ball valve, butterfly valve, diaphragm valve, floats valve, gate valve, globe valve and 
solenoid valve. 

Switching valves: Converge or divert flow in a piping system. 

Control valves: Used to modulate flow (i.e., vary flow by opening or closing by a certain 
percentage) 

Isolation Valves 

Ball valve: A ball with a hole through one diameter that can be rotated to align with the flow 
or block it. They provide quick, tight shutoff, high capacity, and require only a % turn to 
operate. It can be actuated with pneumatic and electric actuators. 


Butterfly valve: Can be used for both general and severe applications. Liners help to provide 
tight shut-off. The most economical valves per comparable capacity and easily actuated with 
pneumatic and electric actuators. 


Diaphragm valves: It is very simple. Plunger and hand whee! often used to apply pressure to 
diaphragm to form seal; may be actuated pneumatically and electrically, often used for 
corrosive, slurry, and sanitary services. 

Float valves: It controls liquid level and prevent tank overfilling. Operated mechanically by 
a float that rests on top of the liquid; as the level rises, it pushes the float up and closes the 
valve. 

‘Gate valves: A sliding disk slides up and down in and out of the fluid. Good for high 
pressure drop and high temperature applications where operation is infrequent. Manual 
operation or else multi-turn electric actuators are most common. 
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Globe valves: A conical plug moves in and out of the fluid. It can be used for shutoff as well 
as throttling (flow restriction to cause a drop in pressure) in high pressure drop and 
temperature applications available in globe, angle, and y-patterns. Manual operation or else 
multi-turn electric actuators are most common. Easier to repair but more pressure drop than a 
gate or plug valve. 


Solenoid valve: Electrically operated .Valve plug is held in place by a spring. When power is 
applied, the current draw through the coil generates an electromagnetic force that opposes the 
spring and changes the plug position. When power is taken away, the spring returns the plug 
to its normal position. 
Switching Valves: Converge and divert flow in a piping system. Usually alway valves used 
because they can take the place of 2-way valves 3-way valves are usually ball, plug, or globe 
design 2 butterfly valves mounted on a pipe tee will also work and is cost-effective for large 
pipes. 
Control valves: Valves listed earlier can be used to modulate flow, but some work better 
than others Diaphragm valves work well to throttle flow. Proportional solenoid valves are 
economical. Reciprocating globe valves, are rugged, expensive, and very accurate (<2% 
accuracy). They can be noisy. Rotary globe valves are similar to reciprocating but with more 
capacity and greater possible turndown. Low cost and good accuracy makes them a common 
choice for flow control. 
Other valve types: Many other valve types are out there to fit specific applications. For 
example: 
Steam traps 
Pressure-relief valves 
Capillary tubes 
Thermostatic expansion valve 
3.8 Strainers or Filters 
Strainers or filters are devices used for separating solid from liquids and catching dirt and 
debris. They act as a filter trapping large particles. By doing so, the particles would not 
continue to the system and will have expensive pipeline equipment such as pumps, engines, 
valves, heat exchangers, nozzles and others protected from harmful flow contamination. 
There are three types of strainers- 

1. Y- Type strainer 

2. Duplex-basket type 

3. T-Type strainer 
Y-strainer: The most common type of strainers is Y-strainer. Its name is derived from its y- 
shaped form. This type is commonly used in pressurized lines, steam, liquid or gas, but can 
also be applied in vacuum or suction situation. It has low resistance to fluid passage or 
straight passage which in turn results to low pressure loss. This is why y-strainers are being 
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utilized for applications where only small amounts of solid particulates are expected to be 
drained and frequent clean out would not be necessary. 


A 


OUTLET 


NPT. BLOW OFF 
c/w PLUG 


C/W SUPPORT RINGS 


* GASKET *Denotes Recommended Spore Parts 

Duplex basket-type strainer: Duplex basket-type strainer is more suitable for robust 
chemical and abrasive applications. It is designed so no interruption on the process would 
happen to give way to cleaning of the strainer. It does this by altering the flow of the fluid to 
a second strainer once it detected the first basket is full. This way, the operator is allowed to 
remove the strainer, clear the particles in it and put it back without disrupting the process. 


essen eater 


T-type basket strainer: T-type basket strainers are most appropriate to use in pipeline 
systems. To increase efficiency, ensure leak tightness and achieve utmost protection of 
control valves, it is recommended to install the strainer first before the shut-off control 
valves. This way, dirt particles will be prevented from entering and reaching the main shut- 
off valve and control valves. Some of the common installations of basket-type strainers 
include chemical processing, food and beverage, waste and water treatment, pulp and paper, 


pharmaceutical, agriculture, aquatics, water parks and marine. 
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3.9 Main characteristics curve of centrifugal pump 


P(Qand H constant) 
e 


Ss Sy H 2 

ce Ve 
sy 8 » | : 
23 6 } A 
Som F / PX 
ero f P ‘H(Q = Constant) 

A A yA fo “4 ‘ 

4 Vv a un Qan : 

ae. as 
a Q 


“Uy = Constant) 


eee Speed (N) | 


Main characternstics curves of a pump. 


3.10 Operation Characteristics Curve of centrifugal pump 
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3.11 Operation Characteristics Curve of positive displacement pump 
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Mathematical Problems 
1. The temperature of air is 30°C, pressure 766 mm of Hg. Find out the density of air? 
Solution: 


Given, T= 30°C = 303K P= 2° bar [760mm of Hg = I bar] 


= 1 101.325 x 10° pa 


R=287 J/Kgk 
We know,p = pRT 
P __ 102124.934 

tp = seca 1.174 kg/m? (Answer) 

2. A circular pipe of 250mm diameter carries an oil of specific gravity 0.8 at the rate of 
120L/s and under a pressure of 20 KPa. Find total energy in meter at a point which 
is 3 m above the datum line. . 

Solution: 

Given, d= 250mm=0.25m, Sp. Gravity of oil = 0.8, Q=120 L/s = 120 x 10° m/s, 

P= 20KPa. 


We know, A = na — 025)" _ 49.1 x 107m? 
On A201, = 
Velocity of oil, ie == 49.1 x10 aot = 2 ig 
Total Energy = — ve Poza Cy sa +—— + 3 = 5.8 m. (Answer) 


~~ 2x9.81 ° 0.8x9.8 

3. What is the height of an oil pool of specific gravity 0.9 equivalent to a gauge 
pressure of 20.3KPa? 

Solution: We get, Specific weight of oil = 0.9x9.81= 8.829 KN/m* 

We know, P= oh 

or, 20.3 = 8.829 x h 

h = 2.3 m (Answer) 

4. The dynamic viscosity of oil, used for lubrication between a shaft and sleeve is 6 
Poise. The shaft is of diameter 0.4m and rotates at 190 rpm. Calculate the power lost 
in the bearing for a sleeve length of 90 mm. The thickness of the oil film is 1.5mm. 


1.5mm 


- 

0.4m 

of 

Pp sate: aa 
gOomm——~ : 
SLEEVE 
Solution: 
Given: Simply, 
Viscosity 1. = 6 poise P=Tw =Fx2xw 
2 


=< Ns/m? =0.6Ns/m? 
Dia. Of shaft, D = 0.4m 
Speed of shaft, N-= 190r. p.m =pexAax2xe 
Sleeve length, L = 90mm = 90 x 107? m _ 
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Thickness of oil film, t = 1.5mm = 1.5 x 1077m 
a DN = nm x0.4 x190 


60 60 


Tangential velocity of shaft, u = = 3.98 m/s 


d 
Using the relation t= pt rs 


Where, du = Change of velocity = u— 0 = u = 3.98 m/s 


dy = Change of distance = 1.5 x 1073m 


3.98 
t= 0.6 x —— {= 1592 N/m? 
1.5 x10 
This shear stress on shaft 


-. Shear force on the shaft, F = Shear stress x Area 

1592 x nD XL 

= 1592 x 1x 4 x90 x 107 
180.05 N 


Torque on the shaft, T = Force x - 


= 180.05 x = = 36.01 Nm 


- Power lost = = = 2x10 3601 = 716.48 W (Ans.) 


5. A 15 cm diameter vertical cylinder rotates concentrically inside another cylinder of 
diameter 15.10cm. Both cylinders are 25cm high. The space between the cylinders is 
filled with a liquid whose viscosity is unknown. If a torque of 12.0 Nm is required to 

. rotate the inner cylinder at 100 rpm. Determine the viscosity of the liquid. 4 

Solution: Given: 

Diameter of cylinder = 15 cm = 0.15m 

Dia. of outer cylinder = 15.10 cm = 0.151cm 

Length of cylinders, L = 25cm = 0.25m 

Torque, T = 12.0 Nm 

Speed, N = 100r. p.m 

Let the viscosity = p 


mDN n x0.15 x100 


Tangential velocity of cylinder, u = or ees mm = 0.7854 ms7! 


Surface area of cylinder, A = aD x L = 2x 0.15 X 0.25 = 0.1178 ms7! 
Now using relation, tT = ne 


Where du = u— 0 = u = 0.7854 ms7! 


0.151 — 0.150 
dy = ame Tae 0.0005m 
* wx 0.7854 
r= 9.0005 
oSheickE a Siar ee aie 
“ ear rorce, = ear stress ea = 0.0005 : 


“. Torque, =X z 
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ux .7854 0.15 
1205 aga OLS 


12K 0.0008 x2 
n= Hagsane OMNIS COIS Oe 
= 0.864 x 10 = 8.64 poise (Answer) 

6. The right limb of a simple U-tube manometer containing mercury is open to the 
atmosphere while the left limb is connected to a pipe in which a fluid of sp. gr. 0.9 is 
flowing. The centre of the pipe is 12 cm below the level of mercury in the right limb. 
Find the pressure of fluid in the pipe if the difference of mercury level in the two 
limbs is 20 cm. 

Solution: 

Given, 

Sp. gr. of fluid, S; = 0.9 

“. Density of fluid, 

p, = S; x 1000 = 0.9 x 1000 = 900 kg/m? 

Sp. gr. of mercury, S, = 13.6 

.. Density of mercury, 

Pp, = Sy x 1000 = 13.6 x 1000 kg/m? 

Difference of mercury level hy = 20cm = 0.2m 

Height of fluid from A-A, h; = 20 — 12 = 8cm = 0.08m 

Let p = Pressure of fluid in pipe. 

Equating the pressure above A-A, we get 

p+ p,ghi = p,gho 

or, p+ 900 x 9.81 x 0.08 = 13.6 x 1000 x 9.81 x 0.2 

p= 13.6 x 1000 x 9.81 x .2—900 x 9.81 x 0.08 

= 26683 — 706 = 25977 N/m2 = 2.597 N/cm? (Answer) 


7. A simple U-tube manometer containing mercury is connected to a pipe in which a 
fluid of sp. gr. 0.8 and having vacuum pressure is flowing. The other end of the 
manometer is open to atmosphere. Find the vacuum pressure in pipe, if the 
difference of mercury level in the two limbs is 40 cm and the height of fluid in the 
left from the centre of pipe is 15 cm below. 

Solution: 


Given: 

Sp. gr. of fluid, S; = 0.8 

Sp. gr. of mercury, Sy = 13.6 

“. Density of fluid, p, = 800 
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. Density of mercury, p, = 13.6 x 1000 

Difference of mercury level hy = 40cm = 0.4m 

Height of liquid in left limb, h, = 15cm = .15m 

_ Let the pressure in pipe = p. Equating pressure above datum line A-A, we get 

p+ p,ghi + prgh = 0 

~ p= —[p,gh, + p,gho] 

—[13.6 x 1000 x 9.81 x 0.4 + 800 x 9.81 x 0.15] 

—[53366.4 + 1177.2] 

—54543.6 N/m2 = —5.454 N/cm 2 (Answer) 

A pipe contains an oil of sp .gr.0.9.A differential manometer connected at the two 

pointy A and B shows a difference in mercury level as 15 cm. Find the difference of 

pressure of pressure at the two points. 

Solution: 

Given, 

Sp. Gr. Of oil, S; = 0.9 

.. Density, p, = 0.9 x 1000 = 900kg/m? 

Difference in mercury level, h = 15cm =0.15m 

Sp. Gr. Of mercury = sp) = 13.6 

. Density,p2 = 13.6 x 1000 kg/m? 

The deference of pressure, 

Py — Pp = 8X h(P2 — pi) 
= 9.81 Xx 0.15(13600 — 900) = 18688 N/m? (Ans. ) 

9. A differential manometer is connected at the two points A and B of two pipes as 
shown in fig. nie © pip e A contains a liquid of s r.=1.5 while pipe B contains a 
liquid of s The pressures at A and B are 1 kgf/cm* and 1.80kgf/ 
cm? respectively. "Find the difference in mercury level in the differential manometer. 


Sp.g5 215 
Py #1 Kot om* 


il tl 


Solution: 

Given: 

Sp. gr. Of liquid at A, G=H15 - p, = 1500 
Sp. gr. Of liquid at B, s; = 0.9 “ p, = 900 
Pressure at A, p, = | kgf/cm? = | x 10* kgf/m? 


= 10* x 9.81 N/m? (. 1kgf = 9.81N) 
Pressure at B, p, = 1.8 kgf/cm? 
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= 1.8 x 10‘igf/m? 

= 1.8 x 10* x 9.81 N/m? ( kgf = 9.81N) 
Density of mercury = 13.6 x 1000 kg/m? 
Taking X-X as datum line. 
Pressure above X-X in the left limb 

= 13.5 x 1000 x 9.81 x h + 1500 x 9.81 x (2+3)+p, 
= 13.6 x 1000 x 9.81 x h + 7500 x 9.81 + 9.81 x 104 

Pressure above X-X in the right limb = 900 x 9.81 x (h+2)+p, 


= 900 x 9.81 x (h+2) + 1.8 10* x 9.81 
Equating the two pressures, we get 


13.6 x 1000 x 9.81h + 7500 x 9.81 + 9.81 x 104 


= 900 x 9.81 x (h+ 2) + 1.8 x 104 x 9.81 
Dividing by 1000 x 9.81, we get 


or, 13,6h + 7.5 + 10 = (h+2.0) x .9+ 18 

or, 13.6h + 17.5 = 0.9h + 1.8 + 18 = 0.9h 4+ 19.8 
or, (13.6 — ets 19.8 —17.5 or 12.7h = 2.3 

5 h=—= = = 0.181 m = 18.1 om. (Ans.) 


10. A differential manometer is connected at the two points A and B as shown in Fig. at 
B air pressure is 9.81 N/cm?(abs),find at the absolute pressure A. 


Solution: 

Air pressure atB = 9.81 N/cm? 

Or Py = 9.81 x 10°N/m? 

Density of oil = 0.9 xx 1000 = 900 kg/m? 
Density of mercury = 13.6 x 1000 kg/m? 


Let the pressure at A is Pa 
Taking datum line at X-X 
Pressure above X-X in the right limb 
= 1000 x 9.81 x 0.64 Px, 


= 5886 + 98100 = 103986 
Pressure above X-X in the left limb 
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= 13.6 x 1000 x 9.81 x 0.1 + 900 x 9.81 x 0.2 + Pa 
= 13341.6 + 1765.8 + Py 
Equating the two pressure head 
103986 = 13341.6 + 1765.8 + P, 


“ Py = 103986 — 15107.4 = 88876.8 

* Pa = 88876.8N/m? = —~SS N/cm? = 8.887N/cm?. 

.. Absolute pressure at A = 8.887 N/cm’. (Ans.) 

11. Water is flowing through two different pipes to which an inverted differential 
manometer having an oil of sp. gr. 0.8 is connected. The pressure head in the pipe A is 


2 m of water; find the pressure pipe the B for manometer reading as shown in Fig. 


Solution: 
Pressure head at A = = = 2m of water 
Py, =pxXgx2= 1000 x 9.81 x 2 = 19620 N/m? 

Fig. shows the arrangement. Taking X-X as datum line. 
Pressure below X-X in the left limb 

=Pa-—pixgx Hy 

= 19620 — 1000 x 9.81 x 0.3 = 16677 N/m? 

Pressure below X-X in the right limb 

= Pg — 1000 x 9.81 x 0.1 — 800 x 9.81 x 0.12 

= Pz — 981 — 941.76 

= Pp — 1922.76 
Equating the two pressures, we get 

16677 = Pg — 1922.76 

or, Pg = 16677 = 192276 = 18599.76 N/m? 

or, Pp = 1.8599 N/cm?. (Ans.) 
12. Three pipes of lengths 800 m, 500 m and 400 m and of diameters 500 mm, 400 mm 

and 300 mm respectively are connected in. series. These pipes are to be replaced. by 
a single pipe of length 1700 m. find the diameter of the single pipe. 

Solution: 
Given, 
Length of pipe 1, L, = 800 mand dia.,d, = 500 mm = 0.5m 
Length of pipe 2, L, = 500 mand dia.,d, = 400 mm = 0.4m 
Length of pipe 3, L3 = 400 mand dia.,d; = 300mm = 0.3m 
Length of single pipe, L=1700m 
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Let the diameter of equivalent single pipe = d 


Loi k,l 
We get ==5 

Bet, o ¢ a s& 
1700 _ 800 , 500 , 400 


ae oat = 25600 + 48828.125 + 164609 


“Se 05> 0.3 
= 239037 
5 1700 _ 
="Sson .007118 


d = (0.007188)°? = 0.3718 = 371.8 mm. (Ans.) 

13. A main pipe divides into two parallel pipes which again forms one pipe as shown in 
Fig. the length and diameter for the first parallel pipe are 2000 m and 1.0 m 
respectively, with the length and diameter of 2nd parallel pipe are 2000 m and 2. 8 
m. Find the rate of flow in each parallel pipe, if total flow in the main is 3.0 m?/s. 
The co-efficient of friction for each parallel pipe is same and equal to 0.005. 


BRANCH PIPE 2 


L2,d2.¥2 


Solution: pea 
Given, 
Length of pipe 1, L,; = 2000 m 
Dia. Of pipe 1, d,; = 1.0m 
Length of pipe 2, L, = 2000 m 
Dia. Of pipe 2, d, = 0.8m 
Total flow, Q = 3.0 m?/s 
f, =f, =f= 0.005 
Let Q, = discharge in pipe 1 
Q, = discharge in pipe 2 
We get, Q=Q, + Q, = 3.0.. ree 8 


Again, we have 
4fjLiVi __ 4fL2V3 
d\x2g. dox2g 
4x0.005x2000xV, _ 4x0.005x2000xV3 


Tr; 1 1:0%2x9. 81 a es 
Vi _ V3 2 
Of; To os zs Vi =e 
ney eee 2 eo 
v1 = 73> aaa jess antvesacel Ah) . 
2 25g cae 
ae a zy? x 050d. [as,Vi = 9 R94! 


Q, = £4 x V2 = £08) x V) = 5x 0.64 x V, 
eee the value of Q,and Q, in equation (i), we get 
= = 3.0 or, 0.8785V> + 0.5026V> = 3.0 


4 aa 794 
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3.0 
V,[0.8785 + 0.5026] = 3.0 on Vp =a = 2.17 m/s. 
Substituting the value in equation (ii), 
ee 
t= aoa aed 


Hence, Q= “di xV)= ; x 1? x 2.427 = 1.906 m3/s. (Ans.) 

, Q, = Q-Q, = 3.0 — 1.906 
= 1.094 m?/s. (Ans.) 

14. Water is flowing through a pipe of 5 cm diameter under a pressure of 29.43 N/ 
cm? (gauge) and with mean velocity of 2.0 m/s. Find the total head or total energy 
per unit weight of the water at a cross-section, which is 5 m above the denim line. 

Solution: Given, 


Diameter of pipe =5cm=05m 
Pressure p = 29.43 N/cm? = 29.43 x 104 N/m? 
Velocity v = 2.0 m/s 
Datum head, z=5m 
Total head = pressure head+ kinetic+ datum head 
_ p __ 29.43x104 _ 

Pressure head = = Goan = 30m 

Seess v? 2x2 
Kinetic head =o, oeoal 0.204 m 

ae 

- Totalhead = = +7542 = 3040.204+5 = 35.204m. (Ans.) 


15. A pipe through which water is flowing is having diameters, 20 cm and 10cm at the 
cross-sections 1 and 2 respective. The velocity of water at section 1 is given 4.0 m/s. 
Find the velocity head at section 1 and 2 and also rate of discharge. 


(0) @ 


D, =20cm 


Vy = 40m/See 


Solution: 
Given, 
D, = 20cm=0.2m 
. Area, A= 5 (Di) = Z0-2)" = 0.0314 m? 
V, = 4.0 m/s 
D, =0.im 


A, = 7 (0.1)? = .00785 m? 
(i) Velocity head at section 1 
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2 
= 4 = +049 0.915m. (Ans.) 
2g -2x9.81 


(ii) Velocity head at section 2 = V?/2g 
To find V, apply continuity equation at 1 and 2 


A.V, =A2V, or V>= re = << x 4.0 = 13.05 m/s 
fw 
2 
-. Velocity head at section2 = = = areas = 83.047 m. (Ans. ) 
(iii) Rate of discharge =A,V, or A2V, 


= 0.0314 x 4.0 = 0.1256 m3/s 
= 125.6 litres/s. (Ans. ) (1m? = 1000 litres) 

16. The water is flowing through a pipe having diameters 20 cm and 10 cm at sections 1 
and 2 respectively. The rate of flow through pipe is 35 litres/s. the section 1 6 m 
above jdatum and section 2 is 4 m above datum. If the pressure at section 1 is 39 
N/cm?, find the intensity of pressure at section 2. 


=, 
U 39,24 Néme 
~ 


q, ae 


6m wo 
DATUM _LINE _v 


- Solution: 

Given: at sectionl, D,;=20cm=0.2m 
Ay =7G 2)? = 0.0314m? 
P, = 39.24 N/cm? 

= 39,.24x 104 N/m? 
Zz, = 6.0m 
At section 2, D, = 0.10m 

Ap = 7 (0.1)? = 0.00789 m? 


Rate of flow Q = 35 litre/s = — m?/s = 0.035 m?/s 


Now Q= = A,V; = = AxV? 
Q 7 0.035 
A; .0314 


25 0 .0035- 
And Vo = 5 = Goray = 4.456 


Applying Bernoulli’s equation at ba 1 and 2, we get 
PL 5 1+ Z) = = eee 4 Z2 
pg 


Vi = = 1.114 m/s 
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Mm 
39.24x107 | (1.114)? _ PB (4.456)? 
Or 1000x9.81 2x9.81 + 6.0 = 1000x9.81 v 2x9.81 + 4.0 
Or 40 + 0.063 + 6.0 = s+ 1.012 + 4.0 
sh g PRS 
Or 46.063 = oatb 5.012 
. 2 — == = 
meee oT va 46.063 — 5.012 = 41.051 


Py = 41.051 x 9810 N/m 
= 4205170619 N jem? = 40.27 N/em?.  (Ans,) 
17. Water is flowing through pipe having diameter 300 mm and 200 mm at the bottom 
and upper and respectively. The intensity of pressure at the bottom end is 24.535 
N/cm* and the pressure at the upper end 9.81 N/cm2. Determine the difference in 
datum head if the rate of flow through pipe is 40 litre/s. 


2. sen 
[ P, = 9.81 Nyorn* 
Zi a 
D, = 300 mm 
FF Pr = 24.525 Nic? 
a aes ee 
DATUM LINE 
Solution: 
Given, 
Section 1, D, = 300mm = 0.3 m 
, Py = 24.525N/cm? = 24.525 x 104N/m? 
Section 2, D, = 200 mm = 0.2m 
P, = 9.81 N/cm? = 9.81 x 10¢N/m? 
Rate of flow = 40 litre/s 
or, Q= i = 0.04m?3/s 
Now A, V; = A2V>2 = rate of flow = 0.04 


0.04 0.04 0.04 
~ A, 2° 2 0.3)2 

1 4D, Z ( ) 
= 0.566 m/s 


0.04 0.04 0.04 

aa = = 1.274 m/s 

Ag Ep. =(0.2)? / 
2 


Vi = 0.5658 m/s 


Vi= 


Applying Bernoulli’s equation at (1) and (2), we get 
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24525104 0.5662 _ 981x104 | (1.274)? 

To00x9.81 * 2x981 1 “1 = Toooxo.s1 | 2x92! 

=> 25 + 0.0163 + z,; = 10+ 0.0827 + z, 

*. Zy — Z; = 25.0163 — 10.0827 = 13.697 = 14.934 m 

-. Difference in datum head = z) — z; = 14.934 m (Answer) 

18. The water is flowing through a taper pipe of length 100 m having diameters 600 mm 
at the upper end and 300 mm at the lower end, at the rate of 50 litres/s. The pipe has 
a slope of 1 in 30. Find the pressure at the lower end if the pressure at the higher 
level is 19.62N/cm2. 


+ Z 


Solution: 
Given, 
Length of pipe, L= 100m 


Dia. At the upper end, D, = 600 mm = 0.6m 
™ 1 
Area, Ay = Di = (.6)? = 0.2827 m? 
P, = pressure at upper end = 19.62 N/cm? 
= 19.62 x 10‘ N/m? 
Dia. At lower end, D, = 300 mm = 0.3 m 


Te 25 My 
. Area, Ay = 7 D2 = 40% = 0.07068 m 
Q = rate of flow = SOlitres/s = — = 0.05 m?/s 
Let the datum line is passing through the centre of the lower end. 
Then Z, =0 
As slope is 1 in 30 means Zy =x 100 =m 
Also we know Q=A,V; = AV? 
. ee = 
Vv rm 2907 = 0.1768 m/sec = 0.177 m/s 
And V2= = Ree = 0.7074 m/sec = 0.707m/s 


Applying Bernoulli’s equation at section (1) and (2), we get 


19.62x10* | 0.177% | 10 _ Py , 0.7077 


1000x9.81 2x9.81 3 pg 2x9.81 


or, 
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or, 20 + .001596 + 3.334 = = + 0.0254 
= a= PD 
or, 23.335 — 0.0254 = 


“+ Py = 23.3 x 9810 N/m? = 22.857 N/cm? (Answer) 
19. A turbine is to operate under a head of 25m at 200 rpm. The discharge is 9 cumec. If 
the efficiency is 90%, determine specific speed and power generated. 
Solution: 
Given that, H=25m, N= 200 rpm, Q=9 m*/s , no=0.90 


__ Power Developed _—Ss~P 
We know, No= Water power a pg QH 


or, P= _ 9.81x 1000 X9x25x0.90 KW = —1986. 5 KW (Ans. ) 
Specific anced: ‘No=(NVP)/H®4 


_ 200xV1986.5 
255/4 
=159.46 rpm (Ans.) 
20. Find the specific speed of a centrifugal pump, delivering 750 litres of water per 
second against a head of 15 metres at 725 rpm. 
Solution: 
Given, Q= 750 litres/sec = 0.75 m?/s; H=15m; N=725rpm 
We know, Specific speed, N= (NVQ)/H?4 
_ 725xV0.75 
153/4 
=82.4 rpm (Ans.) 
21. Calculate the time of rolling of a ship where metacentric height is 0.6m and least 
radius of gyration is 4m. 
Solution: Given that, GM = 0.6 m; k = 4m 


k2 4 
“ Time, T = 22 lame = 21 lon = =10.4s (Ans.) 


22. A 15K W pump with 80% efficiency is discharge oil of specific gravity 0.85 to the 
overhead tank as shown in the figure. If losses in the whole system are 1.75m of 
flowing fluid. Find the discharge. 


P,= 41.7KN/m2 
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Solution: 

Here, Z; = 5m,Z, = 25m, P; = 41.7 x 10°N/m?, P, = 0 (Since pressure at 2 is atmosperic), 
V, and Vpis negligible, H, = 1.75m, m = pg = 0.85 x 9.81 x 10°; P = 15x 10° W, n = 0.80; 
Applying Bernoulli’s equation, 


P P, V22 
—4—44+2Z,+H, = eae + Zo +H, 


2g 
41.7x10° £ 
ON axing? Ot 5 + Hm= 0404 25 + 1.75 


“ Hy = 16.75m of oil 
“Power, P = 2QFm 


0.85x9.81x10°xQx 16.75 
or, 15 x 10° = a el 


0.8 
. Q = 0.086 m3/s (any, 
23. A centrifugal pump having capacity 0.02 cusec can lift water at height of 100ft. if the 
efficiency is 62%. Find HP. 
Solution: Here, Q = 0.02 cusec = 0.02 ft?/ Sec = 0.02 0.0283 m3 /sec = 5.66X 107*m3 /sec ‘ 
H= 100ft = 30.48m, n = 0.62 


_ @QH _ 9.81%1000x5.66x107*x30.48 
We know, Power, P= ; 56s 


= 272.966W 


_ 272.966 _ 
= -EeS = 0.36 HP (Ans.) 


24. A gas is flowing through a horizontal pipe which is having area of cross-section as 
40cm? where pressure is 40N/cm?(gauge) and temperature: 15°C. At another 
section the area of cross-section is 20 cm? and pressure is 30 N/cm?(gauge). If the 
mass rate of flow of gas through the pipe is 0.5 kg/s, find the velocities of the gas at 
these section, assuming an isothermal change. Take R= 292Nm/KgK and 
atmospheric pressure = 10 N/cm?. 

Solution: 

Given, 

Section 1 

Area A, = 40cm? = 40 x 1074m? 

Pressure, P, = 40 N/cm?(gauge) 

= 40 + 10 = 50 N/cm?(abs. ) 
= 50x 104 N/m? 

Section 2 \ 

Area A, = 20cm? = 20 x 1074m? 

Pressure, P, = 30N/cm?(gauge) 

= 30+ 10 = 40 N/cm? (abs. ) 
= 40 x 104 N/m? x 
Temperature, T, = 15°C 
T, = 15 + 273 = 288k 
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Mass rate of flow = 0.5 kg/s. 
Gas constant, R = 292 Nm/kg K 
From equation of state, = RT, 
‘ Pp 50x 10+ kg 
P1 RT, 292 x 288 m3 
Mass rate of flow is given by = ,A,V, or 0.5 = 5.945 x 40x 107* x V, 


0.5 =. 
Vi = 5.945x40x10~4 = 21.02 m/s 


For isothermal process, temperature is constant and hence temperature at section 2 is also 
288 K. 

“ T, = 288K 

Again, we get “2 = RT, 


2 


= 5.945 kg/m? 


ote MONI gee tay 3 
* P2 "RP 202x208. em 
Now mass rate of flow = p2A2V2 


0.5 = 4.756 x 20 x 1074 x V> 


os = 52.565 m/s. (Ans.) 


“V2 = F7s6x20x1074 
25. Find the sonic velocity for the following fluids : 
(i) Crude oil of sp. 0.8 and bulk modulus 153036N/cm7?. 
(ii) Mercury having a bulk modulus of 2648700 N/cm?. 


Solution: 
Given, 
(i)For Crude oil of sp. gr. = 0.8 - 
Density, p = 0.8 x 1000 = 800 kg/m? 
Bulk modulus, K = 253036 x 10*N/m? 


For sonic velocity, 


C= EE = [=ssemextt = 1383.09 = 1383 m/s. (Ans.) 


(ii)For Mercury of sp. gr. = 13.6 
Density of mercury, p = 13.6 x 1000 kg/m? 
Bulk modulus, K = 2648700 N/cm?2 = 2648700 x 10*N/m? 


: : oe | [2eas700%10% é. 
The sonic velocity, C is given by C = fE eal eee 1395.55 m/s. (Ans.) 


26. Find the speed of the sound wave in air at sea-level where the pressure and 
temperature are 10.1043 N/cm?(abs.) and 15°C respectively. Take R= 287 
J/KgK and k=1.4. 

Solution: 

Given, 

Pressure, P = 10.1043 N/em?2 = 10.1043 x 104N/m? 
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Temperature, T = 15°C 
* T = 273 + 15 = 288K, R = 287 J/kg K,k = 1.4 
For adiabatic process, the bra of sound is given, 
C = VkRT = V1.4 x 287 X 288 = 340.17 m/s. (Ans.) 


27. Calculate the Mach Sha ee ata point on a jet propelled aircraft, which is flying at 
1100 km/hour at sea-level where air temperature is 20°C. Take k = 1.4and R= 


287 J/kg K. 
Solution: 
Given, 
Speed of aircraft, © v= 1100km/hour = ~~" = 305.55 m/s 
Temperature, T =20°C . 


»T =2734+20=293, k=1.4,R=2873/keK 


The velocity of sound is 
C = VkRT = V1.4 x 287 X 293 = 343.11 m/s 


Mach number is given by, 
‘ V __ 305.55 


M=_= aul = 0.89. (Ans.) 
28. Water moves through the turbine at the rate of 0.23 m?/s.the pressure at point (1) 
and (2) are 186.4 KN/m? and —19.6 KN/m? respectively. Neglecting heat transfer, 
Determine the Horsepower deliver to the turbine from water. 


4, =200 mm 
eae) 


bly 
(2)}  d2=400 mm 


Solution: 
We know, Q = A, V, 
‘ i Oe > 08 
oVp= %? = Xo = 7.5 m/s 
Q 0.23 


Again, V> = we = Fo.ay2 = 1.8 m/s 


2 
We know, rae - + y= tte ta +H 


ee ve Rae ae 
9.81x10° ania ra 9.8110" a +0+H, 


” H, = 24.85 m of H,0 
Power delivered to the turbine P; = yQH; 
=9.81 x 10° x,0.23 x 24.85 
“ Pp = 56075 KW = 75.17 HP (Ans.) 
29. A jet propelled aircraft is flying at 1000 Km/hr at sea level, air deinperatiie 
T=25°C. Calculate the Mach no and rise in skin Temperature. 


Solution: 
Given, v=1000 km/hr =277.78 m/s T=298 k R=287 J/Kgk 


We know, C = VKRT =v 1.4 X 287 x 298 = 346 m/s 
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Mach number, M = == = <7 = 0.8 


_ Skin temperature, AT = =? = {Here v in km/hr] 
AT = 38.5 C (Ans.) 
30. A helicopter in travelling at a height of 1500 m above the ground level. Find the 
pressure of air in it, if the pressure at the ground level is 100 KPa at 20°C. 
Solution: 
Given, h; = 0 (ground) h, = 1500m p, = 100kpa p, = 
(bp—hy)B 
we know, = = e7 a 
1 


_ (1500-0)x9.81 
=—>—~£=e 287x293 
“. p, = 83.95 kPa (Ans.) 


31. A water Tank 22 ft. in dia. is made from steel plates that are in 0.5 in thick. Find the 
maximum height to which the tank may be filled if the hoop stress is limited to 6000 
psi. The specific weight of water is 62.4 Ib. /ft?. 


Solution: 
Given, Oo, = 6000 psi Y= 62.4 Ib/ft? (x05 
D=22 ft =22x« 12=264 in 

PD 

we know, &; = >> 
_ px264 
or, 6000 = oe 

+. p = 22.73 Ib/in?=22.73x 144 Ib/ft? 
Again P = yh 


or, 22.73x 144 = 62.4xh 
“ h = 52.45 ft (Ams.) 
32. Air enters a diffuser with a velocity of 200 m/s. Determine (a) the speed of sound 
and (b) the Mach number at the diffuser inlet when the air temperature is 30°C. 
Also find whether it is sonic or sub sonic? 
Solution: 
(a) Speed of sound in air at 30°C 


We know, C = ./yRT = v1.4 x 287 x 303 = 349 m/s (Ans.) 


(b) Then the Mach number becomes 
V _ 200 


MS ag 0.573 (Ans.) 

The flow at the diffuser inlet is subsonic since M <1. 

N.B.: The flow is called sonic when M=1, subsonic when M<1, supersonic when M>1, 

hypersonic when M>>1, and transonic when M =1. 

33. A certain oil of specific gravity 0.82 is flowing through a pipeline as shown in fig. 
The flow rate of oil is 60 L/s and the head loss between point 1 and 2 is 1.5m of oil. If 


the pressure at point 1 is 450 KPa, find he pressure a point 2. 
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3.5m 


Datum 


Solution: 

Given that, Q= 60 L/s; Sp. Gravity= 0.82; Pressure at point 1, P, =450 KPa; Head loss 
between | and 2, hi =1.5m of oil; P2=? 

Specific weight of oil= 0.829.81= 8.04 KN/m? 


‘ Q 0.06 
At point 1, Q= AiVi; Vi = PDT 0.15)? = 3.4m/s 
0.06 


At point 2, Q= A2V2; V2 = —_ = 1.44 m/s 


=xDz 7 =x (0.23)? 
Applying Bemoulli’s equation between point 1 and 2, 


2 2 
Pi Vi P2 , V2 
Sy ote, = 44a th 
ast a a i 
450. (3.4 po , (1.44)? 
Olson t axel f° aon th aeoar PoP et 


or, 64.56 = $2 + 5.11 

or, P; = 477.98KPa (Ans. ) 

34. Water is flowing from a large reservoir through a small pipe as shown in fig. If the 
diameter of pipe is 30mm, find the velocity of the jet. 


Solution: 
Given that, D= 30mm. V2 =? 
Applying Bernoulli’s equation between point | and 2, 
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or, 0+0+3= =0+ 4 sar 

or, V2 = V3xX2x9.81 

or, V2 = 7.67m/s (Ans.) 

35. Find the Reynolds number for flow of 0.5 m3 /s of oil having specific gravity 0.85 
and viscosity 0.021 Ns/m? through a pipe of 500 mm diameter. 

Solution: Given, D = 500m, »p = 0.021 Ns/m?, sp. Gravity= 0.85; Rey = 


We know, Q= AV 
Q 05 


nay 03 
or, V= read DF = os? m/s 
- = 2.55 m/s 
: _— pVD _ 850x2.55x0.5 = 
“ Rey = —— = == = 51607 (Ans. ) 


36. Convert 10m height of water column into height of certain oil column of specific 
gravity 0.85. 
Solution: Height of water column, H, = 10m, 
Sp. Gravity of oil = 0.85 
We get, from the hydrostatic equation, 
Py SAw = Poy SHoit 
or, 9.81 x 1000 x 10 = 0.85 x 9.81 x 1000 x Ho; 
or, Hoy = 11.76m (Ans.) 
37. An open tank contains mercury up to a depth of 0.5m and above it water of depth 
2.5m and certain oil of specific gravity 0.86 for a depth of 1.5m. Find the pressure at 
the interface of mercury and water and at the bottom of the tank. 


Solution: 

Height of mercury column, Hy, = 0.5m 
Height of mercury column, Hwater = 2.5m 
Height of mercury column, H, = 1.5m 
Sp. Gravity of oil= 0.86 


3-30 Fluid Mechanics 


Pressure at the interface of water and mercury 
= (pgH)oi + (PEH) water 
= (0.86 x 9.81 x 1.5) + (9.81 x 2.5) 
= 37.19 KN/m? (Ans.) 
Pressure at the bottom of the tank 
(pgH) oit ae (PH) water + (pgH) ne 
= (0.86 x 9.81 x 1.5) + (9.81 x 2.5) + (13.6 x 9.81 x 1.5) 
= 103.90 KN/m? (Ans.) 
38. In the Fig. pressures at A and B are the same, 100 kPa. If water is introduced at A 
to increase P, to 130 kPa, find and sketch the new positions of the mercury menisci. 
The connecting tube is a uniform 1-cm diameter. Assume no change in the liquid 


densities. 


ES "450° 
Solution: Since the tube diameter is constant, the volume of mercury will displace a distance 
Ah down the left side, equal to the volume increase on the right side; Ah = AL. Apply the 
hydrostatic relation to the pressure change, beginning at the right (air/mercury) interface: 


Pst Yug(ALsin@ + Ah )—yy(Ah +AL sin®) = Pa with Ah =AL 
or, 100,000 +133100Ah(1+ sin15°) —9790Ah (1 +sin15° ) = Pa= 130,000 Pa 
aoa = (30,000 Pa) 


(133100 - 9790 N/m? )(1 +sin15°) 

“ Ah =0.193 m. (Ans.) 

The mercury in the left (vertical) leg will drop 19.3 cm, the mercury in the right (slanted) leg 

will rise 19.3 cm along the slant and 0.05 cm in vertical elevation. 

39. In Fig. both ends of the manometer are open to the atmosphere. Estimate the 
specific gravity of fluid X. 
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Solution: 

The pressure at the bottom of the manometer must be the 

same regardless of which leg we approach through, left or 

right: 

Patm +(8720x0.1)+(9790x0.07)+yx0.04x(left leg) = 
Patm +(8720X0.09)+ (9790x0.05)+yx0.06x (right leg) 


Yx = 14150 N/m3; SG, = = 1.45 (Ans.) 


40. An inclined manometer, similar in concept to Fig., has a vertical cylinder reservoir 
whose cross sectional area is 35 times that of the tube. The fluid is ethylene glycol at 
20°C. If 6 =20° and the fluid rises 25 cm above its zero-difference level, measured 
along the slanted tube, what is the actual pressure difference being measured? 


Solution: 
The volume of the fluid rising into the tube, nd” Ah/4, must equal the volume decrease in the 
reservoir. Thus H decreases by (d/D)? Ah where, 
Ah = Lsin6€ = (0.25 m) sin 20°= 0.0855 m 
AH = (d/D)?4h = = = 0.0024m 
Applying the hydrostatic relation, 
paty (~A H) —yAh=Pp 
or, pa—pa= y (A H+A h)= 1117X9.81 m/s*x(0.0855 m + 0.0024 m)=963 Pa 
- Ap= 963 Pa. (Ans.) 
41. Panel ABC in the slanted side of a water tank (shown at right) is an isosceles 


triangle with vertex at A and base BC =2 m. Find the water force on the panel and 
its line of action. 
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Solution: 

(a) The centroid of ABC is 2/3 of the depth down, or 8/3 m from the surface. The panel area 
is (x2 x5) =5 m?. The water force is 

Fasc =YNcGApanel = 9790X2.67X5 = 131,000 N (Ans.) (a) 

(b) The moment of inertia of ABC is =-X2 x53 = 6.94 

Yep = ~Ixx8in8 / hcgApanel = —(6-948in53°)/(2.67 XS) = — 0.417 m (Ans.) (b) 

42. Gate AB in Fig. is 1.2 m long and 0.8 m into the paper. Neglecting atmospheric- 


pressure effects, compute the force F on the gate and its center of pressure position 
X. 


Solution: The centroidal depth of the gate is 
hcg = 4.0 + (1.0 + 0.6)sin 40° = 5.028 m, 
Hence, Fag = YoilhcgAgate = 0.82 *9790X5.028x 1.2x0.8=38750 N (Ans.) 
The line of action of F is slightly below the centroid by the amount 
_ —|xxsin@ (1/12) x 0.8 x 1.2° x sin40° 
yop hcA 5.028 x 1.208 
Thus the position of the center of pressure is at X = 0.6 + 0.0153 H= 0.615 m (Ans.) 


= —0.0153m 


43. The tank in Fig. is 2 m wide into the paper. Neglecting atmospheric pressure, find 
the resultant hydrostatic force on panel BC, (a) from a single formula; (b) by 
computing horizontal and vertical forces separately, in the spirit of curved surfaces. 
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m 
Solution: (a) The resultant force F, may be found by simply applying the hydrostatic relation 
F=yhccA = 9790x(3+1.5)x(5 x2) = 440550 N= 441 KN (Ans.) (a) 
(b) The horizontal force acts as though BC were vertical, thus hcg is halfway down from C 
and acts on the projected area of BC. : 
Fy = 9790X4.5X (3X2) = 264330 N = 264 KN (Ans.) (b) 
The vertical force is equal to the weight of fluid above BC, 


Fy= °790x(3x4+ =x 4%3)x2 = 352440 = 352 KN (Ans.) (b) 
The resultant is the same as part (a): F =,/ (264)? + (352)? = 441 KN. 


44. The pump-turbine system in Fig. draws water from the upper reservoir in the 
7 daytime to produce power for a city. At night, it pumps water from lower to upper 
reservoirs to restore the situation. For a design flow rate of 15,000 gal/ min in either 
direction, the friction head loss is 17ft. Estimate the power in kW (a) extracted by 
the turbine and (b) delivered by the pump. 

‘o) 


Solution: 

(a) With the turbine, “1” is upstream: 

ah tee Z=%2 + Me ot Zot+ het hy 
pg 2g pg 

or, 0+ 0 +150 = 0 +0+ 25+ 17+ h, 

oh, =108 fi. 


Here, Q=15000 gal/min = 33.4 ft*/s. 
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Then the turbine power is 

P=yQh; 

= 62.4x33.4x108 = 225000 (ft. Ibf)/s=410 hp (Ans) a 

(b) For pump operation, point “2” is upstream: 

2 2 

a 4 a pg gt Zit beh 

or, 0+ 0 +25 =0 +0+150+ 17—-h, 

Solve for hp =142 ft 

The pump power is pump, P=y Q hp = 62.4X33.4x142=296000 ft: lbf/s 

=540 hp. (Ans.) (b) 

45. Water at 20°C is pumped at 1500 gal/min from the lower to the upper reservoir, as 
in Fig. Pipe friction losses are approximated by hy = 27V7/2g. Where V is the 
average velocity in the pipe. If the Pomp is 75 percent efficient, what horsepower is 
needed to drive it? 


Solution: 
First evaluate the average velocity in the pipe and the friction head loss: 
Q= 2 = 3.34 ft /s; 
= 2 — 334) es 
v=> ma mye 00 ft/s And, hs = 27x =121 ft 
Then apply the mar flow energy equation: 
Py , Va? V2" 
+ + + + 2 + Zot hye - 
pg 2g + AI og 2 Ear MB 


or, 0 +0+50=0 +0 +150 +121—h, 


Thus; h,=221 ft ; Ppump= ee = —_— =61600 (ft.Ibf)/s =112 hp (Ans.) 


46. In Fig. the flowing fluid is CO2 at 20°C. Neglect losses. If P; = 170 kPa and the 
manometer fluid is Meriam red oil (SG = 0. a2), estimate (a) P2 and (b) the gas flow 
rate in m?/hr. 
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Solution: 
; _ P __ 170000 
Estimate the CO density as p = RT 189x293 


The manometer reading gives the downstream pressure: 

P, — P2 = (Poi — Pco, gh = (0.827 x 1000 — 3.07) x 9.81 x 0.08 = 645Pa 
Hence, P, = 170000 — 645 = 169400Pa (Ans.) a 
Now use Bernoulli to find Vz,assuming P, = stagnation pressure (V, = 0): 


1 2 1 2 
P, +5 p(0) =P, + 7 P(V2) 


or, Vz = (2Ea=Pa} = [2xsss = 20.5m/s 
Then, Q=V2A2 = 20.5 x = (0.06)? = 0.058m3/s = 209m3/hr (Ans. )b 


47. The horizontal pump in Fig. discharges 20°C water at 57 m3/h. Neglecting losses, 
what power in kW is delivered to the water by the pump? 


= 3.07 Kg/m? 


Solution: 
First we need to compute the velocities at sections (1) and (2), J 
ene 57/3600 = 2.49 m/s; 
LR gee OAS 
57/3600 
V2 Q = Tree: = 22.4 m/s; 


~ Ap 1x 0.0152 
Then apply the steady flow enery equation across the pump, neglecting losses: 


P V1? P V2? 
So ot ZH + ~ + Zt bye —hp 
Pg 2g (oF 2g 
120000 2.492 400000 22.4 
+0 =—— —— +0+0- 
: 9790 2x9.81 0 9790 2x9.81 Ord hp 
9790*57x53.85 


Thus; h,= 53.85m; Ppump= yQhp = = 8350 = 8.4KW (Ans.) 


3600 
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48. A vertical gate of 5 m height and 3 m wide closes a tunnel running full with water, 
The pressure at the bottom of the gate is 195 kN/m ”. Determine the total pressure 
on the gate and position of the centre of the pressure. 


> 195 KN? 


Solution: Given, Area of the gate=5x3=15m? 
The equivalent height of water which gives a pressure intensity of 195 kN/m? at the bottom. 
h= P/w =19.87m. 
And X = 19.87 — 2.5 = 17.37m 
Total force, F= wAX = 9.81 x 1000 x 15 x 17.37 = 2.56 x 10°N (Ans. ) 


Centre of Pressure, h = X + 
3 
Here, Ig = 282 = = = 31,25 m* 


12 
~h = 17.37 + 3125 = 17.49m (Ans. ) 


49. A rectangular plane surface 2 m wide and 3 m deep lies in water in such a way that 
its plane makes an angle of 30° with the free surface of water. Determine the total 
pressure and position of centre of pressure when the upper edge is 1.5 m below the 
free water surface. 


Solution: Given, 
Width of plane surface, b=2m 
Depth, d=3m 


~ 
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Angle, 0 = 30° 
Distance of upper edge from free water surface = 1.5 m 
(i)Total pressure force is given by equation as 
F = pgAh 
Where p = 1000 kg/m°* 
A=bxd=3x2=6m 
h = Depth of C.G. from free water surface 

= 15 + 1.5sin30° [- h = AE+ EB =1.5 + BCsin30 = 1.5 + 1.5sin30°] 


=15415 x $=2.25m 


F = 1000 x 9.81 x 6 x 2.25 = 132435 N (Ans.) 
(ii)Centre of pressure (h’) 


: ; Igsin?6 - 
Using equation, we have h* = = +h 
bd? 2x33 
Where Ig = So = 2 = 45 m4 
12 12 


< hee 4.5xsin? 30° 


euoge 2.25 = 2.33m (Ans.) 


50. A circular plane 3.0 m diameter is immersed in water in such a way that its greatest 
and least depth below the free surface is 4m and 1.5m respectively. Determine the 


total pressure on one face of the plate and position of the centre of pressure. 
Solution: Given, 
Dia. of plate, d = 3.0 m 
Area, A= 7d? = 7A)? = 7.0685 m 
Distance DC = 1.5 m, BE=4m 
Distance of C.G. from free surface 
=h=CD +GCsino 
= 1.5 + 1.5 sin@ 


: AB __ BE~AE 
But sin8 = — = —— 


FREE WATER SURFACE 


h=1.5 +1.5 x .8333 
= 1.5 +1.249 = 2.749m 


(i) Total pressure (F) 
F = pgAh 
= 1000 x 9.81 x 7.0685 x 2.749 = 190621N Ans. 
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(ii) Centre of pressure (h’) 
Using equation, we have h* = iesin’® +h 
Les | ene 4 4 
Where Ig = = d* = 7 (3)* = 3.976m 
« _ 3.976 x (.8333) x .8333 a = 
h* = — setae 2.749 = 0.1420 + 2.749 = 2.891 m Ans. 


51. Find the discharge of water through the channel shown in Fig. Take the value of 
Chezy’s constant = 60 and slope of the bed as 1 in 2000. 
Solution: 
Given, 
Chezy’s constant, C=60 
1 


Bed slope, i= San 


From Fig., Area, A = Area ABCD + Area BEC 
2 
= (1.23.0) + 


= 3.6+ Ose = 7.134 m 


Wetted perimeter, P = AB + BEC + CD 


=1.2+ 0R +12 =1.2 pqs +1.2=7.1124m 
A 7.134 


-- Hydraulic mean depth, m = ao eae 1.003 
The discharge, Q is given by equation as 
Q = ACVmi 
= 7.134 x60 x |= 9.585 m’/s Ans. 


52. An impulse turbine develops 4500 KW under a head of 200 metres. The turbine 
runner has a speed of 200 r.p.m and discharges 0.8 cubic metre of water per second. 
If the head on the same turbine falls during summer season to 184.3 meters, find the 
new discharge power and speed of the turbine. 

Solution: Given, P = 4500 KW; H =200m; Q = 0.8 m?/s; and H, = 184.3m 

New discharge of the turbine . 

We know that new discharge of the turbine, 


H,\1/2 184.3\1/2 , 
Q,=Q x (=) = 0.8 x (=) m/s 
= 0.8 x 0.96 = 0.768 m’/s Ans. 


New power of the turbine 
We know that new power of the turbine, 


3/2 3/2 
P, =P x (=) = 4500 x (=) Kw 
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= 4500 x 0.88 = 3960 KW Ans. 
New speed of the turbine, 
We also know that new speed of the turbine, 
184.3 


N, =N x uy" = 200 x ewe r.p.m 


= 200 x 0.96 = 192 rpm Ans. 

53. A shaft 100 mm diameter runs in a bearing of length 200 mm with a radial 
clearance of 0.025 mm at 30 r.p.m. Find the viscosity of the oil, if the power required 
to overcome the viscous resistance is 183.94 Watts. ; 

Solution: Given, D =100 mm = 0.1 m; L = 200 mm = 0.2 m; t = 0.025 mm = 0.025 x 10-3 

m; N = 30r.p.m; H.P. = 0.25; viscosity of oil, p=? 

The h.p. is given by equation as 

3p3N2L pm? x(.1)3 x (30)? x0.2 


: w18 
p= “——— or 183.94 = — 
60x60xt 60x60x0.025 x10 


183.94x60x60x.025x1073 Ns : 
= 2.96 —- = 2.96 X10 = 29.6 poise. Ans. 
13x 0.001 X900x0.2 m? 


54. Find the velocity of the flow of an oil through a pipe, when the difference of mercury 
level in a different U-tube manometer connected to the two tappings of the pitot- 
tube is 100 mm.Take co-efficient of pitot-tube 0.98 and sp. Gr. Of oil = 0.8. 

Solution: Given, 


or, = 


Diff. of mercury level, x= 100 mm=0.1 m 
Sp. Gr. Of oil, So = 0.8 
Sp. Gr. Of mercury, S, = 13.6 

Cy, = 0.98 


Diff. of pressure head, h=x [2 - 1| = 0.1 = _ 1| = 1.6 mof oil 
8 ; 


-. Velocity of flow = C,,/2gh = 0.98 V2 x 9.81 x16 =5.49 m/s 

55. A pitot-static tube is used to measure the velocity of water in a pipe. The stagnation 
pressure head is 6 m and static pressure head is 5 m. Calculate the velocity of flow 
assuming the co-efficient of tube equal to 0.98. 

Solution: Given, 

Stagnation pressure head, h, =6m 

Static pressure head, hr=5 m 

- h=6-5=1m 
Velocity of flow, V= C,,/2gh = 0.98V2 x 9.81 x 1 = 4.34 m/s (Ans.) 
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56. The actual discharge of a single acting reciprocating pump is 0.02 m?/s when 
running at 55rpm. The length of the stroke is 500mm and diameter of stroke is 
250mm. For a total static head 16m, calculate the percentage slip, coefficient of 
discharge and the power required to drive the pump. 

Solution: Given, Q, = 0.02 m3/s ; N = 55rpm; L= 500mm, d = 250mm; H,, = 16m 

We get, A = aa = 70.25? = 0.0491 m2 


Theoretical discharge, Q; = = = —— = 0.0225 m3/s 
. _ Qt-Qa __ 0.0225~0.02 _ 7 
Percentage of slip = oo eae TT 0.1110 = 11.10% (Ans. ) 
. ; Ue, SOO2. = 
Coefficient of discharge, Cg = Oe oon 0.889 (Ans.) 


Theoretical power required to drive the pump, P =Q;y Hg,= 0.0225x9.81x16 

=3.53K W (Ans.) 

57. A double acting reciprocating pump has 500mm diameter and stroke of 500mm. 
the pump is required to deliver 0.1m*/s at a head of 100m. Frictional losses are 
estimated to be 1m in suction pipe and 19m in delivery pipe. Velocity of water in 
delivery pipe 1m/s. Overall efficiency is 85% and slip is 3%. Determine the speed of 
the pump and power required to drive the pump. . 

Solution: d = 500mm; L = 500mm; Q, = 0.1 m?/s; H, + Hg = 100m; hp,=1m; hgg=19m; 

Va = 1m/s; no = 85%; slip = 3%. = x 0.5? = 0.196m? 


Theoretical discharge, Q; = —_ 


Percentage of slip = a x 100 
t 


_ 0.10360 
2x0.5x0.196 


2 
Total Head, H =H, + Hg + (hys + hya) +42 = 100 +1 + 19+ tx = 120.05m 


Theoretical Power 


= 31.5rpm (Ans. ) 


Overall Efficiency, No = 


Qty H 
input power 
0.103 X9.81120.05 
0.85 


Actual Power or input power 


= No = 


= 142.7 KW (Ans. ) 


Specific Speed of Turbine, N, = NVE 


H5/4 


=> Input power = 
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The specific speed is useful to determine the type of turbine. 


Type of turbines Specific Speeds 
Pelton Wheel, single jet 
Pelton wheel, multiple jet 30 to 50 


Francis Turbine 50 to 250 
Kaplan or propeller turbine 250 to 850 


58. A ; scale model of a Francis turbine develops 6K W at 400 rpm under a head of 2m. 


What will be the speed and power of the prototype operating under a head of 10m? 
Solution: 


Given data: 
For model For prototype 
Head, H,, = 2m Head, Hp =10m 


Power, Dm= 6kW 
Speed, Nm= 400rpm 
Scale ratio, Bm = 
Dp 8 
Bp in 
Np2Dp? Nm2Dm2 


2 2, Hp. -Dmy2 
=—N =N x —Ex (oe 
p m ” Hn GG. 


For similarity of the turbine, 


= N,*=400?x 2x? 
=>N,=111.8rpm. (Ans.) 
Pp Pm 


gts Ble ae one Sf 
Dp*Hp /2 Dm7Hm /2 


= Pp =Pm% (B2)*xG) 2 | 
= Pp = 6x (8)?x(Q)2 
= Pp = 4293kW (Ans.) . 

59. A turbine works under a head of 25m at 200rpm.The discharge through the turbine 
is 10 m/s. If the overall efficiency of the turbine is 91%, find the power generated 
by the turbine and the type of turbine. ; 

Solution: 

Given Data: 

Head of water, H = 25m 

Speed of turbine, N =200rpm 

Discharge, Q =10 m3/s 

Overall efficiency, ng =91% 


Again For similar turbines, 


Overall efficiency, No = an 


= P= No XQyH 
= 0.91*10x9:81 «25 
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= 2231.78kW (Ans.) 
NJ/p __ 200/2231.78 
H5/4 (25)5/4 
Since the specific speed ae between 50 to 250, the turbine is a Francis turbine. 


60. A hydroelectric power station is supplied with 175m?/s of water under a head of 
20m.The overall efficiency is 80%.Find the number of Francis turbine required for 
161rpm of each turbine and a specific speed of 200rpm. 

Solution: 

Given data: 

Flow rate, Q = 175m3/s 

Head of water, H = 20m 

Speed of turbine, N =161rpm 

Overall efficiency, no = 80% 

Specific speed, N, = 200rpm 


: es 
Now overall efficiency, no = Ovi 2 
= 0.80" Fixegix20 
=P = 27468kW 
Specific speed, N,= a Aa 
161, /Py 
=> 200-—-—; (Z0)57* 
=>P,= 2760.47kW 
_ P _ 27468 _ 

Therefore, number of Francis turbines, n= — = 27-777 = 9.75=10 (Ans.) 


61.A turbine working under a head of 210m runs at 300rpm.Flow of the water in the 
turbine is 900 I/s .If the overall efficiency is 85%, find the type of turbine. ‘ 

Solution: 

Given data: 

Flow rate, Q= 900 I/s 

Head of water, H = 210m 

Speed of turbine, N =300rpm 

Overall efficiency, ng =85% 


: P 
Now overall efficiency, ng =—— 
QyH 
Pp 
= 0.85=—_—_—— 
0.85 0.9x9.81210 


= >P= 1576kW 


Specific speed, N,= ue 


_ 300V1576 
~ (210)5/4 
= 14.90 
Since the speed is 14.9, hence the turbine should be a single jet Pelton wheel. 
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Heat Transfer 


4.1.1 Modes of heat transfer, 4.1.2 Thermal conductivity, 4.2 Dimensionless 
Numbers, 4.3.1 Heat exchangers, 4.3.2 LMTD, 4.3.3 Critical Thickness, 4.3.4 
Fouling Factor, 4.4 Boundary Layer, 4.5 Boiling Curve for water, Mathematical 
Problems. 
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4.1.1 Modes of heat transfer 
Conduction: Conduction is the transfer of heat from one part of a substance to another part 
of the same substance or from one substance to another in physical contract with it, without 
appreciable displacement of molecules forming the substance. 
Convection: Convection is the transfer of heat within a fluid by mixing of one portion of the 
fluid with another. 
Radiation: Radiation is the transfer of heat through space or matter by means other than 
conduction or convection. 
Fourier’s law of conduction: The rate of flow of heat through a simple homogeneous solid 
is directly proportional to the area of the section at right angles to the direction of heat flow 
and to change of temperature with respect to the length of the path of the heat flow. 
Mathematically, 
aT 

Q= —kAT 
Where, 
Q =the heat flow rate by conduction (W) 
k=the thermal conductivity of body material (W:m™'-K™') 

nee cross-sectional area normal to direction of heat flow (m *) and 


= = the temperature gradient (K-m™ ae 


—(ve) sign in Fourier’s equation indicates that the heat flow is in the direction of negative 
gradient temperature and that serves to make heat flow positive. 

4.1.2 Thermal conductivity: Thermal conductivity of a material is numerically equal to the 
quantity of heat (in joules) which flows in one second through a slab of the material of area 
1m’ and thickness 1m when its faces differ in temperature by IK. 


Q= KA | 
In this equation, if we substitute A=1m?; T; -T, =1K; and x=1m, then Q=k. 
K= Thermal conductivity. 


4.2 Dimensionless Numbers 

Types of force present in moving fluid: 

(a) Inertia Force: product of mass and acceleration of the flowing fluid. 

(b) Viscous Force: Product of shear stress due to viscosity and cross sectional area of flow. 

(c) Gravity Force: Product of mass and acceleration due to gravity Of fluid. ! 

(d) Surface Tension force: Product of surface tension per unit length and length of the 
‘ surface of flowing liquid. 

(e) Pressure Force: Product of intensity of pressure and area of flowing fluid. 

(f) Elastic Force: Product of elastic stress and area of the flowing liquid. 

(g) Head: Head is a concept that relates the energy in an incompressible fluid height of an 

equivalent static column of that fluid. 

Reynolds Number: It is defined as the ratio of the inertia force to the viscous force. i.e., 

Re = Inertia Force/Viscous Force= ie ce VD/9 

Significance: 


wl, 
Rar 
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> Reynolds number signifies the relative predominance of the inertia to the viscous forces 
occurring in the flow systems. 

> Higher the Reynolds number the greater will be the relative contribution of inertia effect. 
Smaller the value of Re, the greater will be the relative magnitude of the viscous stresses. 

> Reynolds number is taken as an important criterion of kinematic and dynamic similarities 
in forced convection heat transfer. 

> It indicates that the flow is laminar or turbulent. For pipe flow if Re <2000, the flow is 
laminar, if Re>4000, the flow is turbulent. If 4000<Re<2000 it is transition. For flat 
plate in case of laminar flow Re< 50,000 and in case of turbulent, Re is between 50,000 
to 100,000. 

Prandtl Number (Pr): It is the ase kinematic viscosity (9) to the thermal diffusivity 


( a ). i.e. P wh 
Pr= v/a ‘Cae CB 
Kinematic viscosity indicates the impulse transport through molecular friction whereas 
thermal diffusivity indicates the heat energy transport by conduction process. 
Significance: 
> Prandtl number provides a measure of the relative effectiveness of the momentum and 
n energy transport by diffusion. 
Prandtl number is a connecting link between velocity field and temperature field. 
usselt Number (Nu): It is the ratio of heat flow rate by convection process under a unit 
~Atemperature gradient to the heat flow rate by conduction process under a unit temperature 
gradient through a stationary thickness of L meters. i.e. 
Nu= hL/K 
Significance: 
> The Nusselt number represents the enhancement of heat transfer through a fluid layer as a 
result of convection relative to conduction across the same fluid layer. 
>» The larger the Nusselt number, the more effective the convection. 
_ » A Nusselt number of Nu = 1 for a fluid layer represents heat transfer across the layer by 
pure conduction. 
Stantan Number: It is the ratio of heat transfer coefficient to the flow of heat per unit 
temperature residue of the velocity of fluid. 
It also defined as- 
St= Nu/(Re.Pr) 
So, it is the ratio of Nusselt number and the product of Reynolds*number and Prandtl 
number. 
Peclet Number: It is the ratio of mass heat flow rate by convection to the flow rate by 
conduction under a unit temperature gradient and through a thickness L. 
It also defined as — Pe = Re.Pr 
Graetz Number: It is defined as the ratio of heat capacity of fluid flowing through the pipe 
per unit length of the pipe to the conductivity of pipe. i.e. 
G= mCp/ LK (sp 4 ow 
Grasshaff Number: Gr = (Inertia Force x Buoyancy Force)/ (Viscous Force)’ 


1a. 


4 
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Froude Number: The Froude number is a dimensionless number defined as the ratio of a 
characteristic velocity to a gravitational wave velocity. It may equivalently be defined as the 
ratio of a body's inertia to gravitational forces. In fluid mechanics, the Froude number is used 
to determine the resistance of an object moving through water, and permits the comparison of 
objects of different sizes. Named after William Froude, the Froude number is based on the 
speed/length ratio as defined by him. 
The Froude number is defined as: 


Where, V is a characteristic velocity , and c is a characteristic water wave propagation 
velocity. The Froude number is thus analogous to the Mach number. The greater the Froude 
number, the greater the resistance. Wwette J ie Ae © 
Weber Number=Inertia Force/ Surface Tension Force 7977 ~ 

Euler’s Number=Inertia Force/Pressure Force 


Mach’s Number (M) = vi a —— 


Elastic Froce 

of sound in the fluid = V/C 

Significance: (a) When M<1 then, Flow is called sub-sonic. 
(b) When M=1 then, Flow is called sonic. ¢’- 
(c) When 6>M>1 then, Flow is called super-sonic. 
(d) When M>6 then, Flow is called hypersonic. 

4.3.1 Heat exchangers p 

Types of heat exchangers have been developed which are classified on the basis ae nature of 

heat exchanges process, relative direction of fluid motion, design and constructional features 

and physical states of fluids. 

1. Nature of heat exchange process: 

i. Direct contact heat exchangers. (Ex: Cooling towers, Jet condensers, direct contact feed 

heaters) 

ii. In direct contact heat exchangers 

a. Regenerators. (Ex: I.C engines and gas turbines, Open hearth and glass melting furnaces, 

Air heaters of blast furnaces) 

b. Recuperators. (Ex: 1. Auto mobile radiators, 2. Oil coolers, intercoolers, air preheaters, 

economizers, Superheater, 3. Milk chiller of pasteurizing plant 4. Evaporator of an ice plant) 

2. Relative Direction of fluid motion: 

i. Parallel flow or unidirectional flow. (Ex: Oil coolers, Oil heaters, water heaters) 

ii. Counter-flow. 

ili. Cross Flow.(Ex: The cooling unit of refrigeration system) 

3. Design and construction features 

i. Concentric tubes 

ii. Shell and tube 

iii. Multi shell and tube passes 

iv. Compact heat exchangers (Ex: Plate fin, Flattened fin tube exchangers) 

4. Physical state of fluid 

i. Condensers and ii. Evaporators 


————) = Velocity of fluid or body movi fluid / Velocity 
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4.3.2 LMTD: Logarithmic mean temperature difference (LMTD) is defined as that 
temperature difference which, if constant, would give the same rate of heat transfer as 
actually occurs under variable conditions of temperature difference. The larger the value of 
LMTD, the higher heat is transferred. The rate of heat transfer can be expressed as 


q = UAAT 
Where AT, is the logarothomic mean temperature difference given as 
oe AT, — AT, 
eee 
RAT, 


Counter flow heat exchanger: 
Cold 


Teta 47 Tata es Lape 47, = Tia Tan 
AT, * Tyan — Tone AT, ® Tye — Toe 
Peraiiel Flow Heat Exchanger Counter Flow Heat Exchanger 
AT, — Thot in — Teold,in AT; am Thot,in oa Tcoldout 
ATS = Thseade= Vesiasel AT2 = Thot,out — Tcoia,in 


Temperature Profile: 


Parallel Flow Counter Flow 
(a) (b) 


Assumptions made in LMTD method 

The overall heat transfer coefficient (U) is constant throughout the heat energy 

The specific heat (Cp) and mass flow rates of both fluids is constant. 

The flow conditions are steady. 

There is no change of phase either of the fluid during the heat transfer. 

There is no loss of heat to the surroundings, due to heat exchanger being perfectly 
insulated. 


Axial conduction along the tubes of heat exchanger is negligible. 


ABWNs 


a 
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7. The changes in kinetic energy and potential energy are negligible. 

4.3.3 Critical Thickness: The thickness up to which heat flow increases and after which heat 
flow decreases is known as critical thickness. In case of cylinder and sphere it is called 
critical radius. 

4.3.4 Fouling Factor: During operation of the heat and mass carrying, tube surface gets 
covered by deposits of ash, soot, dirt and scale etc. This phenomenon of rust formation and 
deposition of fluid impurities is called fouling. It is difficult to ascertain the thickness and 
thermal conductivity of scale deposits, the effect of scale on heat flow is considered by 
specifying an equivalent scale heat transfer coefficient hs. The reciprocal of heat transfer 
coefficient h, is called the fouling factor, R¢. 


Rg = 


noc 1 
hg Uairt Uciean 


4.4 Boundary Layer: When a real fluid flows past a stationary solid boundary, a layer of 
fluid which comes in contact with the boundary surface adheres to it and condition of no slip 
occurs. Thus the layer of fluid which can’t slip away from the boundary surface undergoes 
retardation, this retarded layer further causes retardation for the adjacent layers of the fluid, 
there by developing a small region in the immediate vicinity of the boundary surface and 
approaches the velocity of main stream. The layer adjacent to the boundary is known as 
boundary layer. 

Boundary layer thickness: The boundary layer thickness is defined as the distance from the 
surface to a point where the velocity reaches 99% of the free stream velocity. Thus, the 
velocity profile merges smoothly and asymptotically into the free stream. It is known that no- 
slip conditions have to be satisfied at the solid surface; the fluid must attain the zero velocity 
at the wall. Subsequently, above the wall, the effect of viscosity tends to reduce and the fluid 
within this layer will try to approach the free stream velocity. Thus, there is a velocity 
gradient that develops within the fluid layers mside the small regions near to solid surface. 
Boundary Layer Profile for Flat Plate: ; 


Transition Region 


Transition Point 
“3 
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A laminar velocity profile in the intake region of a tube 


Fully developed 
established flow 


- 
oo" 
— 


j¢——- Entrance length (L,) >| 


The development of a laminar velocity profile in the intake region of a tube. 


4.5 Boiling Curve for water 


Film boiling 


Spheroidal 
~~ “state beginning 


Excess temperature Af, = ¢, - t,4,. ——— 
The boiling curve for water. 
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Mathematical Problems : 
1. The glass windows of a room have a total area of 10m’and the glass is 4mm thick. 
Calculate the quantity of heat that escapes from the room by conduction per second 
when the inside surfaces of windows are at 25°C and outside surfaces at 10°C.The value 
of k is 0.84W/mk. 

Solution: 


Given, A=10m?, x=4mm=0.004m, T,;=25°C =298k, T2=10°C=283k. k=0.84W/mk. 


We know, 


4a (T1-Tz) __ 0.84 x10x(298-283) 
x 0.004 


=31.5KJ/S (Ans.) 

_ 2. A boiler is made of iron plates 12mm thick. If the temperature of the outside surface 
be 120°C and that of the inner 100°C, calculate the mass of water evaporated per hour. 
Assume that the area of heating surface is 5m? and k for iron as 84W/mk. 

Solution: 

Given, x= 12mm=0.012m, T,;=120°C =393k, T2=100°C=373k. t=1h=3600s, 

k=84W/mk. . 

We know, 


=31500J/s 


Qa kA Sete) t SANS OPS ASTIN = 2520x 107k] 


We know that the heat required to evaporate 1 kg of water at 100°C is equal to its latent heat, 
i.e., 2260 KJ. 
.. Mass of water evaporated per hour, 
Total amount of heat transferred 2520x103 
Heat required to evaporate 1 kg of water ~ 2260 111 okg (Ans. ) 


Heat transfer by conduction through a composite wall. 


™-T: Ty —T: - 
Here, Q=t-? = Go a 
At k2A kA 


3. A furnace wall is made up of refractory bricks of 300mm thick. The inner and outer 
surfaces of the wall have temperature of 1000°C and 150°C. Find the heat loss per 
square meter per hour. If the outside temperature becomes 50°C, the furnace wall is 
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covered with insulating bricks of 200mm thickness. Find the reduction in heat loss. 
Take thermal conductivity of refractivity and insulating bricks as 4.5 and 0.5 W/mk. 
Solution: 

Given, x, = 300mm=0.3m; T,=1000°C=1273k; T,=150°C=423k; 

t= Lhr=3600s; T,;=50°C=323k;, x»>=200mm=0.2m; k,=4.5 W/mk; k,=0.5W/mk. 

Heat loss when the furnace wall is made of refractory bricks 

We know that heat loss per square meter per hour, 


Q,=k AS =A ees 45.9x 10°J/m2h= 45.9 MJ/m?h 


We know that heat loss per square meter per hour, 


Q = Se Oe 7.3x 1063 /m7h= 7.3 M3/m7h 
kyA kA 4.5x1_0.5x1 


-. Reduction in heat loss= Q,— Q,=45.9 — 7.3 = 38.6 MJ/m7h (Ans.) 

4. Heat is conducted through a compound plate composed of two parallel plates of 
different materials A and B of conductivities 134 W/mK and 60 W/mk and each of 
thickness 36 and 42 mm respectively. If the temperature of the outer face of the slab A 
and that of B are found to be steady at 96°C and 8°C respectively, find the temperature 
of the interface A/B. 

Solution: 

Given, x; = 36mm=0.036m; T,=96°C=369k; 

t= lhr=3600s; T;=8°C=28 1k; x2=42mm=0.042m; k,;=134 W/mk; k,=60W/mk. 

Let, T,= Temperature of the interface A/B and 

A= Area of plates A and B. 

We know that the rate of heat flow through the compound plate, 


Q=kA (11-T2)t t 


134A(369-T2) : 
~ Qa nT ane io Sone Yumwes (i) 
Similarly, Q, = uae) .. (il) 


0.042 
We know that under steady conditions, the rate of heat flow through A and B is same, 


therefore equating (i) & (ii), 
134A (369 — T>) 60A(T, — 281) | 
0.036 = 0.042 

or, 3722(369 — T2)= 1429(T, — 281) 

or,2.6(369 — Tz) = (T, — 281) 

“. Tz =344.5K= 71.5°c (Ans.) 

Overall Coefficient of heat transfer 

na eee 

ath teet hg 

.5. A furnace wall 200 mm thick is made of a material having thermal conductivity of 
1.45 W/mK. The inner and outer surfaces are exposed to average temperatures of 


350°C and 40°C respectively. If the gas and air film coefficients are 58 and 11.63 
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Wim?K respectively, find the rate of heat transfer through a wall of 2.5 square meter. 
Also, find the temperature on the two sides of the wall. 

Solution: 

Given, x=200 mm= 0.2m; k= 1.45W/m’K, Ta=350°C= 623K; Tg=40°C=313K; ha=58 
W/m°K; hp=11.63 W/m?K; A=2.5m° 

Rate of heat transfer 

We know that rate of heat transfer, 


_ A(T, — Tp) 

ane Gene aimee 
ha k* ha 
_ 2.5(623 — 313) 
mie aay | 1 

58+ 745+ T1163 
775 
J/s 


iz 0.017+0.138+0.086 
= 3216J/s (Ans.) 


Temperature on two sides of the wall 
Let, Tj=Temperature on the inner side of the wall and 
T2=Temperature on the outside of the wail. 
We know that the rate of heat transfer through the gas film, wail and air film is the same. So 
we shall first consider the flow of heat through the gas film and then through the air film. 
We know that, Q=haA(T,-T1) : 
“3216 = 58x2.5x(623—T))=145(623—T)) 
Or, 623—T; =3216/145=22.2 
or, T;=600.8K=327.8°%¢e (Ans.) 
Similarly, Q=hpA(T2—Tp) 
“3216 = 11.63X2.5x(T2—313)=29(T2—313) 
Or,T7= 54313 
or, T2=423.9K=150.9°c (Ans.) 
. A composite wall is made up of brickwork, fiberglass and insulating board with 
thickness and thermal conductivities as given below: 


Brick work 110mm thick 1.15W/mk 
Fiber glass 75mm thick 0.04W/mk 
Board 25mm thick 0.06W/mk 


Find the overall coefficient of heat transfer, if the coefficients of heat transfer for the outside 
and inside walls are 3.1 W/m?k and 2.5 W/m’k respectively. Also find the heat lost per hour 
through such a wall of 20 square meters, when the temperature difference is 27. 

Solution: 

Given, For brick work: 

X1=110 mm=0.11m; k;=1.15W/mK;; For fibre glass x2= 75mm=0.075m; k2=0.04W/mk; 

For board: x3=25mm=0.025m; k3=0.06W/mk; ha=3.1 W/m’; hgp=2.5W/m’°K; A=20m’; 
Ta-Tp=27K. 
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Overall coefficient of heat transfer 
We know that overall efficiency of heat transfer, 


ad 0.11 0.075 0.025. 1 

31+ 115+ 0.04 + 0.06 25 
= 0.322W/m’K (Ans.) 
Heat loss per our through the wall, 
We know that heat loss per hour through the wall, 
Q= UA (Ta—Tp)= 0.322 X20X27= 173.9 J/s = 626.04 KJ/hr (Ans.) 
7. An electric current is passed through a wire 1 mm in diameter and 10 cm long. The 
wire is submerged in liquid water at atmospheric pressure, and the current is increased 
until the water boils. For this situation h=5000 W/m’.°C and the water temperature will 
be 100°C. How much electric power must be supplied to the wire to maintain the wire 
surface at 114°C. 
Solution: 
Given, h= 5000 W/m’. °C; Tw=114°C; Too = 100°C; 
We know, The total convection loss is given by q=hA (Tw—T) 
The surface area of the wire is 
A=ndL=n(1x107)(10*107)=3.142x104m? 
The heat transfer is therefore 
q=(5000x3.142x10“) x(114—100)=21.99 W (Ans.) 

and this is equal to the electric power that must be applied. 


. Heat is flowing through a plain wall. The area of the wall is 4.0 m’ and the thickness 
“4s 150 mm. The thermal conductivity of the wall is 9.36 W/m°C. The surface 
temperatures of the wall are fixed at 350 °C and 30 °C . Determine 
i) The heat flow through the wall and ii) The temperature gradient of the wall. 
Solution: 
Given, A=4.0 m? ; x = 150 mm=0.15 m ; K= 9.36 W/m °C; T, = 350°C = 350+273=623 K & 
T2= 30°C = 30+273= 303 K. 
he i) The heat flow through the wail, 
= Q = SS = See) = 79872 J = 79.9 kj (Ans.) 


ii) The temperature gradient of the wall, 


j dT _ Q _ 79872 _ 
= ~ KA ery tas 2133.33 K/m (Ans.) 
A surface having an area of 1.5 m* and maintained at 300°C exchanges heat by 


radiation with another surface at 40°C. The value of factor due to the geometric 
location and emissivity is 0.52 Determine: 
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i) Heat lost by radiation 

ii) The value of thermal resistance, and 

iii) The value of equivalent convection coefficient 
Solution: Given, A= 1.5m?; T, =t, + 273 = 300+ 273 = 573K;T, =t,+273= 
313K; F = 0.52 

i)Heat lost by radiation, Q: 

Q = FoA(T,* — T;*) 
(Where o = 5.67 x 107-8W/m? K*) 


Or, Q = 0.52 x 5.67 x —* “kK x 1.5[5344 — 3134] 


= 0.52 x 5.67 x15|(), -(%)' 


00 100 
Or, Q = 4343W 


ii)The value of thermal resistance, (Ruy) rad : 


We know that, Q = ae 
thvra 


; (T; -T2) (573 — 313) 
» Rendrad = Q ae 4343 
iii) The value of equivalent convection coefficient, h,: 
Q = h,A(t, — tz) 

Or, h, = SiG W/m?°C 

A(t; —t2)  1.5(300 — 40) : 
Alternatively; h, = Fo(T, + T2)(T,” + To”) 

= 0.52 x 5.67 x 1078(573 + 313)(573? + 3137) 
= 11.13W/m? °C- 
10. A carbon steel plate (thermal conductivity = 45 W/m°C) 600mmx900mmx25mm is 
maintained at a 310°C. Air at 15°C blows over the hot plate. If convection heat transfer 
coefficient is 22 W/m? °C and 250 W is lost from the plate surface by radiation, 
calculate the inside plate temperature. 
Solution: Area of the plate exposed to heat transfer, 
A = 600mm x 900mm = 0.6 x 0.9 = 0.54m? 
Thickness of the plate, L= 25mm = 0.025m 
Surface temperature of the plate, t, = 310°C 
Temperature of air (fluid), tp = 15°C 
Convection heat transfer coefficient, 
h = 22W/m?°C 

Heat lost from the plate surface by radiation, 


a 


= 0-0598°C/W 
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Qraa = 250W 

Thermal conductivity, k = 45W/m °C 
Inside plate temperature, t;: 
In this case the heat conducted through the plate is removed from the plate surface by a 
combination of convection and radiation. 
Heat conducted through the plate = Convection heat losses + radiation heat losses. 
or, Qcond. = Qconv. + Qraa. 

— -kAS = hA(ts — t—) + Fo(T,* — Ty’) 


t.—t 
or, —45 x 0.54 x (s=*) = 22 x 05.54(310 — 15) + 250(given) 

(310 —t) _ 
or, —45 x 0.54 x Soie = 22 x 0.54 x 295 + 250 
or, 972(t, — 310) = 3754.6 

t= site + 310 = 313.86°C 
oe i“ 972 Bas 
rea 

t= 15°C 

ee 

——> fia) 


LILLLLLIL LLL A + 25 mm 
t A 


Heat conducted 
through wall 


Figure. Combination of conduction, convection and radiation heat transfer. 


11. A reactor’s wall, 320mm thick, is made up of an inner layer of fire brick 
(k=0.84W/m°C) covered with a layer of insulation (k=0.16W/m°C). The reactor 
operates at a temperature of 1325°C and the ambient temperature is 25°C. 
i) Determine the thickness of fire brick and insulation which gives minimum heat 
loss: 
ii) Calculate the heat loss presuming that the insulating material has a maximum 
temperature of 1200°C. : 
If the calculated heat loss is not acceptable, then state whether addition of another layer 
of insulation would provide a satisfactory solution. 
Solution: 
Given: ty = 1325°C; tz = 1200°C;t3 = 25°C 
La + Lg = L = 320mm or 0.32m 
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Lp = (0.32 — La); 
k, = 0.84W/m°C; 


kp = 0.16W/m°C. 
Fire brick 
Insulation 


; i) La: Lg: 
The heat flux, under steady state condition, is constant 
throughout the wall and is same for each layer. Then 
for unit area of wall, 


ia Kp Ka kp ,=1325°C 
Considering first two quantities, we have 
(1325-25) __ 1325-1200 
La/0.84+Lp/0.16  La/0.84 
1300 


105 


or, = 
La 


1300 Dos N 


1190L,+2—625L, La e- 1, Phe Ly —PI 
1300 ~=—_—:105 — L=320mm—>| 
2—5.06L, La Figure 
or, 1300L, = 105(2 — 5.06L,) 
or, 1300L,4 = 210 = 531.3L, 


is ¢ 2 


or, 


or, 


210 
»La = seen = *02-114 114.6 
or, La 1300 +5313 0.1146m or mm 


-. Thickness of insulation, Lg = 320 — 114.6 
= 205.4mm _ (Ans.) 


ii) Heat loss per unit area, q: . 

ty—te 1325-1200 
I Taka 0.1146/0.84 
If another layer of insulating material is added, the heat loss from the wall will reduce; 
consequently the temperature drop across the fire brick lining will drop and the interface 
temperature t, will rise. As the interface temperature is already fixed, therefore, a satisfactory 
solution will not be available by adding another layer of insulation. 
12. A wall of a furnace is made up of inside layer of silica brick 120 mm thick covered 
with a layer of magnesite brick 240mm thick. The temperatures at the inside surface of 
silica brick wall and outside surface of magnesite brick wall are 725°C and 110°C 
respectively. The contact thermal resistance between the two walls at the interface is 
0.0035°C/W per unit wall area. If thermal conductivities of silica and magnesite bricks 
are 1.7 W/m°C and 5.8W/m°C, calculate. 

i) The rate of heat loss per unit area of walls and 


Heat loss per unit area, = 916.23 W/m? 
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ii) The temperature drop at the interface 


Silica bricks 
Magnesite bricks 


Interface 
4=725°C 


cf 


Temperature drop 
at the interface 


t4=110°C 


le L, Plt Ly mI 
=)20mm =240mm 
Figure 
Solution: Given, 
La = 120mm = 0.12m 
Lg = 240mm = 0.24m 
ky, = 1.7W/m°C; kg = 5.8BW/m°C 
The contact thermal resistance (Rtn) cont, = 0-0035°C/W 
The temperature at the inside surface of silica brick wall, t; = 725°C 
The temperature at the outside surface of the magnesite brick wall, t, = 110°C 
i)The rate of heat loss per unit area of wall, q : 
_ At At 
» Rth Rth-a zi (Rin) cont. + Rth-B 
= (ty -t4) 
La/Ka+0.0035+Lp/kp 
(725-110) 


™~ 0,12/1.7+0.0035+0.24/5.8 
615 


~ 0,0706+0.0035+0.0414 
= 5324.67 W/m? 
-. The rate of heat loss per unit area of wall, q = 5324.67W/m? 
ii)The temperature drop at interface, (t-t3): 
As the same heat flows through each layer of composite wall, therefore, 


q 


Heat Transfer 


Fundamentals of Mechanical 4-15 


_ t-te _t3—ty 
4 La/Ka _Lg/kKp 


5324,67 = 22) : 
a Of 012/17 
0.12 
or, tz = 725 — 5324.67 x —— = 349.14°C 
tak _ (tg3—110) 
Similarly, 5324.67 = Olea 


0.24 
or, tz = 110 + 5324.67 x Se" 330.33°C 


Hence, the temperature drop at the interface = tz — tz = 349.14 — 330.33 = 18.81°C 

13. An exterior wall of a house may be approximated by a 0.1m layer of common brick 
(k = 0.7W/m°C) followed by a 0.04m layer of gypsum plaster (k = 0.48 W/m°C). What 
thickness of loosely packed rock wool insulation (k = 0.065 W/m°C) should be added to 
reduce the heat loss or (gain) through the wall by 80 percent? 

Common brick 

Gypsum plaster 

Rock wool 


font 


iL, >i, ml >| 
=0.Im pe. Le 
: =004m =x 


Solution: Thickness of common brick, La = 0.1 m 
Thickness of gypsum plaster, Lp = 0.04m 


Thickness of rock wool, Le = x Gin m) =? 
Thermal conductivities: 
Common brick, kag = 0.7W/m °C 


Gypsum plaster, - kg = 0.48W/m °C 
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Rock wool, Kc = 0.065W/m°C ~ 
Case I: Rock wool insulation not used: 
A(At) A(At) 
aL be 0: 0.04 


Ka Kg 0.77048 
Case II: Rock wool insulation used: 
0 A(At) A(At) 
1 = -  — — 
Ta, be ke 01, 008 x 
ka Kp t Ke 0.70.48" 0.065 
Q= (1 = 0.8)Q, = 0.2Q, 


But, 
A(At) A(At) 

“OT 004 x —~%**o7 0.04 

0.7 + 0.48 * 0.065 0.71048 

0.1 0.04 _ 0.1 0.04 x 

of 07048 a7 toast aoe 
or, 0.1428 + 0.0833 = 0.2[0.1428 + 0.0833 + 15.385x] 
or, 0.2261 = 0.2(0.2261 + 15.385x) 
or, x = 0.0588m or 58.8mm 


Thus, the thickness of rock wool insulation should be 58.8mm 

14. A thick walled tube of stainless steel with 20mm inner diameter and 40mm outer 
diameter is converted with a 30 mm layer of asbestos insulation (k = 0.2 W/m°C). If the 
inside wall temperature of the pipe is maintained at 600°C and the outside insulation at 
1000°C, calculate the heat loss per metre of length. 


| Asbestos 


Stainless steel 
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Solution: Given: r, = = = 10mm =0.0lm; rz = = = 20mm = 0.02m; 
rg = 20 + 30 = 50mm = 0.05m; t; = 600°C; tz = 1000°C; kg = 0.2W/m °C; 
Heat transfer per metre of a length, Q/L: 
- 2mL(t, = t3) 
~ In(t2/14) + In(r3/r2) 
Ka kp 


Since the thermal conductivity of stainless steel is not given, therefore, neglecting the 
resistance offered by stainless steel to heat transfer across the tube, we have 
Q_ an(ty;—tz) _2(600 — 1000) 


L In(r3/r2) ne?) 
edgar 0.02 
= —548.57 W/m 


15. A gas filled tube has 2mm inside diameter and 25 cm length. The gas is heated by an 
electrical wire of diameter 50 microns (0.05mm) located along the axis of tube. Current 
and voltage drop across the heating element are 0.5amps and 4 volts, respectively, find 
the thermal conductivity of the gas filling the tube. 


Tube 


Wire 


Solution: Given, Inside radius of the tube, r, = 2mm 
Length of the tube, L= 25cm = 0.25m 
Radius of the electric wire, r,, = 0.025mm 
Inside tube temperature, t, = 150°C 


Wire temperature, tw = 175°C 
Current through the element =0.5A 
Voltage across the element = 4V 


Thermal conductivity of the gas, k: 
Heat transferred through a cylinder, 
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OF TnG/tw) 
_ 2nk x 0.25(175 — 150) 
~ In(1/0.025) 
=10.645kKW............0005 (i) 
Also, Q = VI = 4x 0.5 = 2.0W..............008 (ii) 
From (i) and (ii), we get 
10.645k = 2.0 


or, k = 0.188 W/m °C (Ans.) 
16. A steam pipe of outer diameter 120mm is covered with two layers of lagging, inside 
layer 45 mm thick(k = 0.08W/m°C) and outside layer 30 mm thick (k = 0.12W/mh°C). 
The pipe conveys steam at a pressure of 20 bar with 50°C superheat. The outside 
temperature of lagging is 25°C. If the steam pipe is 30m_ long, determine: 

i) Heat lost per hour, and " 

ii) Interface temperature of lagging, 
The thermal resistance of steam pipe may be neglected. 


Solution: a 
| Steam pipe 
Insulation (A) 
Insulation (B) 
120 
m= eo 60 mm = 0.06m 


r2 = 60+ 45 = 105 mm = 0.105m 
rz = 105+ 30 = 135 mm = 0.135m 
ka = 0.08 W/m °C; kg = 0.12 W/m °C 
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tz = 25°C; L(length of pipe) = 30m 
Corresponding to 20 bar (from steam tables), 
tsat(saturation temp. ) = 212.4°C 
-. Temperature of stem, t, = tga¢ + 50 = 212.4 + 50 = 262.4°C 
i) Heat lost per hour: 
2nL(t, — ts) 


°= ing /ra) , InGra/t2) 
Ka B 


7 21x 30(262.4—25) 
™ 1n(0.105/0.06) , 1n(0.135/0.105) 


0.08 0.12 
= 4923W(or]/s ) 
aiieaiset h _ 4923 x 3600 
-. Heat lost per es 1000 


= 17722.38 kJ/h (Ans. ) 
ii) Interface temperature of lagging, t,: 
= 2nL(t, = t2) 


Q ~ In¢ T2/T1) 
A % 
262.4 —t 
spaeoa = oes 2) 


In(0.105 /0.06) 
"1023 1n(0.105/0.06) 
or, (262.4 = tz) = an x30 x 008. 
“ t2 = 262.4 — 182.69 = 79. 71°C (Ans. ) 
17. A 10 mm cable is to be laid in atmosphere of 20°C with outside heat transfer 
coefficient 8.5W/m7°C. The surface temperature of cable is likely to be 65°C, be 
effective? If yes how much? 


= 182.69 


Solution: 
Given: r,; = ~ = 5 mm; t, = 65°C; tair = 20°C; k = 0.155 W/m°C; hy = 8.5 W/m? °C 
For a cable (cylinder), r, = = = “— = 0.018235 m = 18.235 mm, 

Oo a 


I, is greater than the radius of the cable. ; 

Hence the rubber insulation upto a thickness of 13.235 mm (18.235-5) will be effective in 
heat dissipation. (Ans.) 

The maximum heat dissipation per m length of the cable will be 

Qimax oe 2m(t, — tair) 


L  In(r,/k,) i 1 
k hol - 
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= 21(65—20) _ 282.74 
= inqabest/e), a ‘Saageeata 7 19.1 W/m (Ans. ) 
0.155 8.5X0.018235 


18. The following data relate to a parallel flow heat exchanger, in which air is heated by 
hot exhaust gases, 


Heat transferred per hour »2001 55450kKS 

Inside heat transfer coefficient ..120W/m7°C 

Outside heat transfer coefficient 195 W/m°C 

Inlet and outlet temperatures of the hot fluid ...450°C and 250°C respectively 
Inlet and outlet temperatures of the cold fluid ...60°C and 120°C respectively 
Inlet and outlet diameters of the tube ...50 mm and 60mm respectively 


Calculate the length of the tube required for the necessary heat transfer to occur. 

Neglect the tube resistance. 

Solution:Given,Q = 155450 kJ/h ;h, = 120 W/m? °C; hyp = 195 W/m? °C; thy = 450°C; 
tha = 250°C; ty = 60°C; tz = 120°C; dj = 50mm = 0.05m; do = 60mm = 0,06m 

Length of each tube, L: 

Logarithmic mean temperature difference (LMTD) is given by 

Gea 8, — 82 = (thi — ter) — (tha — tea) 

™~— 1n(8,/82) = In[(tha — ter) /(tha — te2)] 


_ (450 — 60) — (250 — 120) 390 — 130 


= = ———_—___ = 236.66°C 
In[(450 — 60)/(250 —120)] = In[(390/130)] 
The overall heat transfer coefficient, U is given by 
1 rol 1 
U 7 Tj hy ho ‘ 
0.03 | 1 Ds pn 

aCe an ae 0.01513 
 U = 66.09 W/m? °C 
Total heat transfer rate is given by 
Q = UAO,, = U x (ttdoL) X Oy 

155450 x (1000/3600 

or,L = eas ere Mise eae cee eae = 14.65m(Ans. ) 


19. In a certain double pipe heat exchanger hot water flows at a rate of 5000 kg/h and 
gets cooled from 95°C to 65°C. At the same time 50000 kg/h of cooling water at 30°C 
enters the heat exchanger. The flow conditions are such that overall heat transfer 
coefficient remains constant at 2270 W/m’ K. Determine the heat transfer area required 
and the effectiveness, assuming two streams are in parallel flow. Assume for the both 
the streams c, = 4.2 kJ/kg K. 

Solution: Given: 


Fundamentals of Mechanical 


50000 ‘ : 
my, = 3600 = 13.89 kg/s; thi = 95°C; thi = 65°C; 

50000 : 
mm, = 3600 = 13.89 kg/s; ty, = 30°C; U = 2270 W/m K; 


Cph = Cpc = 4.2 kJ/kg or 4200 J/kg K 
Q = Heat lost by hot water = Heat gained by cold water 


MpCph X (thi — tha) = McCpc X (tc2 — ter) 
or, 13.89 x 4200 x (95 — 65) = 13.89 x 4200 x (t,2 — 30) 
“ too = 60°C “ 


Hot fuid 


ca 


(water) == 


Cold fluid 


(water) 


Length ——+ 
Figure: Parallel-flow heat-exchanger. 


Log mean temperature difference, 


[MID}6q 2 
In(8,/82 ) 

a (tha — tei) — (tha — tea) 

in (eS) 

_ (95—30)- (65-60) 60 


95-30 = 0583 
Ings—so) 


= 23.4°C 


Also, Q = UA8», 

or, 13.89 x 4200 x (95 — 65) = 2270 x A x 23.4 

Heat transfer area, A = 32.95m7?(Ans. ) 

Also, Qactual = MnCph(thi — th2) and Qmax = McCpc(thi — ter) 
-. Effectiveness of the heat exchanger, 


4-21 


4-22 Heat Transfer 


pies Qactual = MnCph (thi — tha) = 95 —65 
Qmax McCpyc(tha —te) 95-30 
20. Assuming the sun to be a black body emitting radiation with maximum intensity at 
A = 0.49pm, calculate the following: 
i) The surface temperature of the sun, and 
ii) The heat flux at surface of the sun. 
Solution: Given: Imax = 0.49pm 
i) The surface temperature of the sun, T: 
According to Wien’s displacement law, 
Amax! = 2898umK 
_ 2898 2898 
"Tax 0-48 


ii) The heat flux at the surface of the sun, (E) yn: 
4 


= 0.461(Ans. ) 


= 5914K (Ans. ) 


T 
(E)gun = OT* = 5.67 x 10-8T* = 5.67 (=) 
5914\* 


= 5.67 x (=**)" = 6.936 x 107 W/m? (Ans. ) 
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5.1 Energy Sources 
Conventional and Non-conventional sources of energy: The sources of energy used for 
mass generation off power called conventional sources of energy are as follows: 

i. Thermal ii. Hydro-Power iii. Nuclear Power 
The energy sources which cannot be compensated, once these are used (after their 
exploitation) are termed as conventional energy sources. 
Some important conventional energy sources are discussed below: 
Coal: 
Coal is a major conventional energy sources. It was formed from the remains of the trees and 
ferns grew in swamps around 500 million year ago. The bacterial and chemical decomposition of 
such plant debris (which remained buried under water or clay) produced an intermediate 
product known as peat which is mainly cellulose (Cg6H;9Os5)n. Due to progressive 
decomposition by heat and pressure, the cellulose lost moisture H2 and O2 and got converted 
in to coal as per the given equation 


Plants ———» Peat ———> __Lignite ———>Bituminous coal ——~> Anthracite coal 
Petroleum and natural gases: 

Petroleum is a complex mixture of hydrocarbons, mostly alkanes and cycloalkanes. It occurs 
below the earth crust entrapped under rocky strata. In its crude form, the viscous black liquid 
is known as petroleum and a gas in contact with petroleum layer which flows naturally from 
oil wells is termed as natural gases. The composition of natural gas is a mixture of mainly 
methane, (95.0%), small amounts of ethane, propane and butane (3.6%) and traces of CO, 
(0.48%) and N2 (1.92%). 

On the world basis, petroleum deposits are found at Saudi Arab, Iraq, Iran, Kuwait, USA, 
Mexico, Russia etc. As per the current survey, it is found that world petroleum deposits are 
diminishing at a very faster rate. If preventive steps are not taken, the existing petroleum will 
be available maximum up to 40 years. 

Fuel woods: 

The rural peoples require fuel wood or fire Wood for their day to day cooking which are 
obtained from natural forests and plantations. Due to rapid deforestation, the availability of 
fire wood or fuel wood becomes difficult. This problem can be avoided by massive 
afforestation (plantation) on degraded forest land, cultivable waste land, barren land grazing 
land etc. 

Hydropower: 

Energy obtainable from water flow or water falling from a higher potential to lower potential, 
is known as hydro- power. It is a conventional and renewable form of energy which can be 
transmitted to long distance through cables and wires. 

Nuclear energy: 

A small amount of radioactive substance (U235) can produce a lot of energy through the 
process of nuclear fission. For example, one ton of uranium can provide energy which is 
much higher than three million tons of coal or 12 million barrels of oil. In order to obtain 
nuclear energy, nuclear reactors are required. There are around 300 nuclear reactors all over 
the world. 
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The non-conventional sources of energy used for generating power in lesser magnitude are as 
follows: 
(a) Solar energy (b) Wind power (c) Tidal power (d) Bio-gas (e) Magneto-hydro- 
dynamic plant (f) Geo-thermal energy 

Wind Power: Airflows can be used to run wind turbines. Wind energy is used in wind mills 
which converts the kinetic energy of the wind-into mechanical or electrical energy. The 
kinetic energy of wind can be used to do mechanical work like lifting water from wells or 
grinding grains in flour mills. A single wind mill produces only a small amount of electricity, 
large number of wind mills in a large area are coupled together to produce more electricity 
in wind energy farms. The minimum wind speed required is 15km/hr. 
Advantages: 

e Itisa renewable source of energy. 

e It does not cause pollution. 

e The recurring cost is less. 

e Once the wind turbine is built the energy it produces does not cause greenhouse gases 
Disadvantages: 

e Wind is not available at all times. 

e It requires a large area of land. 

e A minimum wind speed of {5 km/h is required. 
Solar Energy: Energy obtained from the sun in the form of heat and light. Energy derived in 
the form ofsolar radiation. The solar energy received by the near earth space is 
approximately 1.4 kilojoules/second known as solar constant. The heat energy is used in 
solar heating devices like solar cooker, solar water heater, solar furnaces etc. The light 
energy is used in solar cells. 
Advantages: 

e After initial investment, all the electricity you produce is free. 
It is abundant. 
It is everlasting. 
It is available almost everywhere. 
It is free from political barriers. 
Incentives and rebates from governments and utility companies offset the initial 
investment. 

e Reduce or completely eliminate your electric bill. 

e Costs of solar panels are decreasing while efficiency is increasing. 
Tidal Power: Ocean waves and tides contain large amount of energy. Such tides rise and fall 
and water can be stored during rise period and it can b discharged during fall. Due to low 
head of water available low head hydroelectric plants can work successfully. These plants 
can utilize a head of just a few meters. During high tide the height of tide is above that of 
tidal basin and the turbine unit operates and generates power. During low tide the height of 
tide is lower than that of the tidal basin. At this time water is allowed to flow out to drive the 
turbine unit. At this time water is allowed to flow out to drive the turbine unit. The turbine 
unit does not operate if the tide sea level and basin level are equal. 
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Geothermal Energy: According to various theories the earth has a molten core. The fact that 
volcanic action takes place in many places on the surface of earth supports these theories. 
The steam vents and hot springs come out of earth’s surface. The steam from such natural 
steam wells is used for the generation of power. In this type of set-up a steam drum is used. 
Steam drum separates moisture and solids from steam. 

Such system is under development in USA and USSR. 

Bio-mass based energy: 

The organic matters originated from living organisms (plants and animals) like wood, cattle 
dung, sewage, agricultural wastes etc. are called as biomass. These substances can be burnt to 
produce heat energy which can be used in the generation of electricity. Thus, the energy 
produced from the biomass is known as biomass energy. 

There are three forms of biomass: 

(i) Biomass in traditional form: 

Energy is released by direct burning of biomass (e.g. wood, agricultural residue etc.) 

(ii) Biomass in nontraditional form: 

The biomass may be converted in to some other form an fue] which can release energy. For 
example carbohydrate can be converted into methanol or ethanol which may be used as a 
liquid fuel. 

(iii) Biomass for domestic use: 

When organic matters like cow dung, agricultural wastes, human excreta etc. subjected to 
bacterial decomposition in presence of water in absence of air, a mixture of CH4, CO2, Ho, 
H2S etc. is produced. These gases together are known as biogas. The residue left after the 
removal of biogas is a good source of manure and biogas is used as a good source of non- 
polluting fuel. 

5.2 Gas Turbine 

A gas turbine is a rotary engine. In a gas turbine plant, the air is compressed in a rotary 
compressor and passed into a combustion chamber where the fuel is burnt, the product of 
combustion then strikes the blades of the turbine with high velocity and the work is 
produced. 

Classification of gas turbine: 

Gas turbines are divided in to two types .They are 

1. Open cycle gas turbine 

2. Closed cycle gas turbine and 

3. Semi-closed cycle gas turbine. 

1. Open cycle gas turbine: If the entire working fluid in the plant is taken from the 
atmosphere and is again returned to the atmosphere after work is produced on the turbine. 

2. Closed cycle gas turbine: If the working fluid in the plant does not come in contact with 
the atmospheric air and the fluid is used over and over again. 

3. Semi-closed cycle gas turbine: If a part of working fluid is retained in a plant while the 
remaining part flows from and to the atmosphere. 

5.2.1 Joule or Brayton Cycle: The ideal cycle for the simple gas turbine is the Joule or 
Brayton cycle which is represented by the cycle 1234 in the p-v and T-S diagram. The cycle 
comprises of the following process. 
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1-2 is the isentropic compression occurring in the compressor, 2-3 is the constant pressure 
heat addition in the combustion chamber, 3-4 is the isentropic expansion in the turbine 
releasing power output, 4-1 is the rejection of heat at constant pressure - which closes the 
cycle. Strictly speaking, the process 4-1 does not occur within the plant. The gases at the exit 
of the turbine are lost into the atmosphere; therefore it is an open cycle. 


C-Compressor 

B-Burner or Combustion 
Chamber 

T-Turbine 

L- Load 


v 


The cycle efficiency is then given by, 


Where, r is pressure ratio 
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Closed cycle gas turbine: 


(a) T-s diagram 


(b) P- vdiagram v 


Simple Cycle with Exhaust Heat Exchange Cycle (Regenerative cycle) 

In most cases the turbine exhaust temperature is higher than the outlet temperature from the 
compressor. Thus the exhaust heat can be utilized by providing a heat exchanger that reduces 
heat input in the combustion chamber. This saving of energy increases the efficiency of the 
regeneration cycle keeping the specific output unchanged. A regenerative cycle is illustrated 
in Figure below: 
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X —> Heat Exchanger 
Cc —> Compressor 
: T —+ Turbine 
Air L —> Load 


Ss 
Gas Turbine Cycle with Reheat 
A common method of increasing the mean temperature of heat reception is to reheat the gas 
after it has expanded in a part of the gas turbine. By doing so the mean temperature of heat 
rejection is also increased, resulting in a decrease in the thermal efficiency of the plant. 
However, the specific output of the plant increases due to reheat. A reheat cycle gas turbine 
plant is shown in Figure below: 


Generator 


Compressor First turbine 


Cooling Chamber 


Schematic arrangement of a closed cycle gas turbine with reheating 
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Temperature 


Entropy ————_——>> 


T-S Diagram for Reheating Gas Turbine Cycle 
Therefore, a reheat cycle is used to increase the work output while a regenerative cycle is 
used to enhance the efficiency. 
Gas Turbine Cycle with Inter-cooling 
The cooling of air between two stages of compression is known as intercooling. This reduces 
the work of compression and increases the specific output of the plant with a decrease in the 
thermal efficiency. The loss in efficiency due to intercooling can be remedied by employing 
exhaust heat exchange as in the reheat cycle. 


For ideal 
intercooling 
CL 
Ty = T, Ls 


$s 
With multiple inter-cooling and multiple reheat, the compression and expansion processes 
tend to be isothermal as shown in Figure. 
Gas Turbine cycle with two compressors intercooling, Reheating and regenerating: 
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Gas Turbine cycle with two compressor two stage intercooling, Reheating and 
regenerating 


Regeneritor 


Combined Cycle: 

The combined cycle of greatest interest is the gas-turbine (Brayton) cycle topping a steam 
turbine (Rankine) cycle, which has a higher thermal efficiency than either of the cycles 
executed individually. Gas-turbine cycles typically operate at considerably higher temperatures 
than steam cycles. The maximum fluid temperature at the turbine inlet is about 620°C 
(1150°F) for modern steam power plants, but over 1425°C (2600°F) for gas-turbine power 
plants. It is over 1500°C at the burner exit of turbojet engines. The use of higher 
temperatures in gas turbines is made possible by recent developments in cooling the turbine 
blades and coating the blades with high-temperature-resistant materials such as ceramics. 
Because of the higher average temperature at which heat is supplied, gas-turbine cycles have 
a greater potential for higher thermal efficiencies. 

In this cycle, energy is recovered from the exhaust gases by transferring it to the steam in a 
heat exchanger that serves as the boiler. In general, more than one gas turbine is needed to 
supply sufficient heat to the steam. Also, the steam cycle may involve regeneration as well as 
reheating. Energy for the reheating process can be supplied by burning some additional fuel 
in the oxygen-rich exhaust gases. Recent developments in gas-turbine technology have made 
the combined gas—steam cycle economically very attractive. The combined cycle increases 
the efficiency without increasing the initial cost greatly. Consequently, many new power 
plants operate on combined cycles, and many more existing steam or gas-turbine plants are 
being converted to combined-cycle power plants. Thermal efficiencies well over 40 percent 
are reported as a result of conversion. 
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5.3 Function of air vessel, surge tank, accumulator and steam trap: 

Accumulator: Accumulator is a device for storing liquid under pressure, usually consisting 
of a chamber separated into a gas compartment and a liquid compartment by a bladder, 
piston, or diaphragm. An accumulator also smoothens out pressure surges in a hydraulic 
system. 

Application: In the fuel suction line of heavy diesel engine. suction line of control oil pump 
of control oil system, in refrigeration system suction line between the evaporator and the 
compressor. 

Role of Accumulator: The suction line accumulator is a temporary reservoir for this 
mixture, designed to meter both the liquid refrigerant and oil back to the compressor at an 
acceptable rate. This prevents damage to the reed valves, pistons. rods, and crankshafts. 
Accumulators have a metering ejector device that picks up liquid, vaporizes it, and returns it 
to the compressor. This prevents liquid slugging and controls oil return. It is particularly 
important on hot gas defrost systems, heat pumps, etc., where surges of liquid refrigerant 
frequently go back down the suction line. 

The purpose of a hydraulic accumulator is to store hydraulic fluid under pressure. It may be 
used to- 

¢ Dampen hydraulic shocks which may develop when pressure surges occur in hydraulic 
systems. 

* Add to the output of a pump during peak load operation of the system, making it possible to 
use 

a pump of much smaller capacity than would otherwise be required. 

* Absorb the increases in fluid volume caused by increases in temperature. 

* Act as a source of fluid pressure for starting air craft auxiliary power units (APUs). 

* Assist in emergency operations. 
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Air Vessel: An air vessel is a closed chamber containing compressed air in the top portion 
and liquid (or water) at the bottom of the chamber. At the base of the chamber there is an 
opening through which the liquid (or water) may flow into the vessel or out from the vessel. 
When the liquid enters the air vessel, the air gets compressed further and when the liquid 
flows out the vessel, the air will expand in the chamber. 
An air vessel is fitted to the suction pipe and to the delivery pipe at a point close to the 
cylinder of a single-acting reciprocating pump: 

1. To obtain a continuous supply of liquid at a uniform rate. 

2. To save a considerable amount of work in overcoming the frictional resistance in 

the suction and delivery pipes and 

3. Torun the pump at a high speed without separation. 
It may be noted that by fitting an air vessel to the reciprocating pump, the saving of work and 
subsequently the power is about 84.8% in case of a single acting reciprocating pump and 
39.2% in case of double acting reciprocating pump. 
Surge Tanks: Surge tank is a storage reservoir fitted to the penstock at a point near to the 
turbine. The functions of the storage tank can be summarized as follows: When the load on 
the turbine decreases, the gates of the turbine are closed partly by the governor to adjust the 
rate of flow of water in order to maintain the constant speed of the runner. When the gates 
are closed the water is moving to the turbine has to move backward. This backward moving 
water is stored in the surge tank. Similarly, when the load on the turbine increases, the 
turbine gates are opened by the governor and increased demand of water is partly met by the 
water stored in the surge tank. Thus the surge tank controls the water when the load on the 
turbine decreases and supplies water when the load on the turbine increases. In this way 
surge tank controls the pressure variations resulting from the rapid changes in water flow in 
penstock and thereby prevents water hammer effect. The functions of a surge tank are similar 
to a flywheel fitted to an I.C. engine. 
Steam trap: steam trap is a device which is used for separating suspended water particles 
carried by the steam on its way from the boiler to the engine. 
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5.4 Steam Turbine 

Rankine cycle: 

Consider the idealized four-steady-state-process cycle in which state 1 is saturated liquid and 
state 3 is either saturated vapor or superheated vapor. This system is termed the Rankine 
cycle and is the model for the simple steam power plant. It is convenient to show the states 
and processes on a T-S diagram. 

Principle components of Rankine cycle: 

The four basic components of Rankine cycle are shown in figure 1 each component in the 
cycle is regarded as control volume, operating at steady state. 

Pump: The liquid condensate leaving the condenser at the state 1 is pumped to the operating 
pressure of the boiler. The pump operation is considered isentropic. 

Boiler: The heat is supplied in the working fluid (feed water) in the boiler and thus vapour is 
generated. The vapour leaving the boiler is either at saturated at the state 3 or superheated at 
the state 3, depending upon the amount of heat supplied in the boiler. 

Turbine: The vapour leaving the boiler enters the turbine, where it expands isentropically to 
the condenser pressure at the state 4. The work produced by the turbine is rotary (shaft) work 
and is used to drive an electric generator or machine. 

Condenser: The condenser is attached at the exit of the turbine. The vapour leaving the 
turbine is wet vapour and it is condensed completely in the condenser to the state 1, by giving 
its latest heat to some other cooling fluid like water. 


Boiler 


Pump q@ 
Figure 1: Simple steam power plant that operates on the Rankine cycle 
The various processes in simple Rankine cycle are: 
1—2: Reversible adiabatic pumping process in the pump, 
2-3: Constant-pressure transfer of heat in the boiler, 
3—4: Reversible adiabatic expansion in the turbine (or other prime mover such as a 
steam engine), 
4-]: Constant-pressure transfer of heat in the condenser. 
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The Rankine cycle is chosen as ideal cycle even though thermal efficiency is less than Carnot 
cycle (1-2-3-4-1). This is due to mainly two reasons: 


1. The first reason concerns the pumping process. State 1! is a mixture of liquid and 
vapor. Great difficulties are encountered in building a pump that will handle the 
mixture of liquid and vapor at 1! and deliver saturated liquid at 2!. It is much 
easier to condense the vapor completely and handle only liquid in the pump: The 
Rankine cycle is based on this fact. 

2. The second reason concerns superheating the vapor. In the Rankine cycle the 
vapor is superheated at constant pressure, process 3-3!, In the Carnot cycle all 
the heat transfer is at constant temperature, and therefore the vapor is 
superheated in process 3-3! Note, however, that during this process the 
pressure is dropping, which means that the heat must be transferred to the vapor 
as it undergoes an expansion process in which work is done. This heat transfer is 
also very difficult to achieve in practice. 

Thus, the Rankine cycle is the ideal cycle that can be approximated in practice. 
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Fig.: Schematic of Co-generation 


Punp! 


Fig. Rankine Cycle with Regeneration 
5.5 Draft tubes and pipe fittings 
Draft Tube: 
The draft tube is an integral part of reaction turbine, and its design criteria should be 
specified by the turbine manufacturer. The draft tube used in hydraulic reaction turbine has 
gradual increase in cross sectional area from its inlet to outlet. It is one of the important 
components of reaction turbine and connects runner exit to tail race. 
The main functions of draft tube is 

e To allow the installation of turbine above the tail race level without loss of head and 

e To convert major part of kinetic energy coming out of runner into pressure energy. 

In mixed flow reaction turbines, kinetic energy from runner is up to 15% whereas in low 
head and high speed axial flow turbines, kinetic energy leaving the runner may go up to 50% 
of total input energy. The recovery of kinetic energy is achieved by increasing the cross - 
sectional] area of the draft tube in the flow direction. It has two important functions 

e To enable the turbine to be se above the tail water level without losing any head 
thereby. A reduced pressure is produced at the upper end of the draft tube, which 
compensates for the height at which the turbine runner is set. Within limits the turbine 
can be set at different elevations without altering the net head. By its use there is an 
unbroken stream of liquid from headwater to tail water. 

e The second function of the draft tube is to reduce the head loss at submerged 
discharge to thereby increase the net head available to the turbine runner. This is 
accomplished by using a gradually diverging tube whose cross sectional area at 
discharge is considerably larger than the cross sectional area at entrance to the tube. 

The draft tubes are of the following three types: 
(1)Conical or divergent draft tube 

(2)Elbow type draft tube 

(3)Hydracone or Moody spreading draft tube 
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(1)Conical or divergent draft tube: The shape of the tube resembles that of a frustrum of a 
cone. It is commonly used in the Francis turbine. The cone angle varies from 4° to 8°. The 
efficiency of the conical tube is about 8.5% to 90%. 

(2)Elbow type draft tube: It may be in the form of a simple elbow type or elbow tube with a 
circuit inlet and a rectangular outlet section. The latter type is used in the Kaplan turbine with 
an efficiency of about 70%. 

(3)Hydracone or Moody spreading draft tube: This is a modification of conical tube and a 
solid conical cone is provided in the centre of the tube with a flare at the bottom end. Such an 
arrangement allows a large exit area without excessive length. The solid core at the centre 
enables full flow and reduces the eddy losses. The efficiency of the tube is about 85%. 
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Pipe fittings: Fittings for piping systems can be expensive and require a proportionally large 
labour element to install, therefore correct selection and use is of vital importance to a well 
installed piping system. Every type of piping material has a range of fittings that can be used 
with it and some piping materials can have multiple different ranges of fittings that can be 
used. For example copper piping systems can be installed by bending the pipe and therefore 
using no elbows, using soldered copper fittings or compression brass fittings depending on 
the type of service being transferred in the copper pipe. Fittings are available with ends to 
match the piping installation therefore the following information will not differentiate 
between welded, threaded or compression but will concentrate on the orientation and the use 
of the fitting. The most common type of pipe fittings is: 

e Elbow 

e Tee 

e Cross 

e Reducer 
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e Cap 
e Union 


De ata Q 
See ES 


1. Elbow (90°) 2. Tee 
3. Elbow a3) 4. Double branch elbow 
5. Side outlet elbow 6. Side outlet Tee 

7. Cross 8. Lateral 

9. Reducer. 


Elbow: A pipe fitting installed between two lengths of pipe or tube allowing a change of 
direction, usually 90° or 45°. The ends may be machined for butt welding, threaded (usually 
female), or socketed etc. 
Tee: A tee is used to either combine or split a fluid flow. Most common are equal tees which 
have the same body and branch diameter but there is also a wide range of reducing tees 
where either the branch or the body is a different diameter relative to each other. 
Cross: A cross has one inlet and three outlets, or vice versa and like tees come in equal and 
reducing forms. A cross is more expensive than two tees but has the advantage of reduced 
space and requires less labour to install. 
Reducers: Reducers are used to join 2 different pipe sizes together. They can be either 
concentric or eccentric which refers to the relative position of the center lines of the outlet 
and inlet. 
Cap or Plug: A type of pipe fitting which is liquid or gas tight, and is used to cover the end 
of a pipe. A cap has a similar function to a plug. For screwed systems the cap would have 
female threads where a plug would have male threads. 
Union: A union is similar to a coupling, except it is designed to allow quick and convenient 
disconnection of pipes for maintenance or fixture replacement. 
5.6 Types of power plant. Layout of a power plant. 
Types of power plant: 
**On the basis of fuel used- 

a) Diesel 

b) Steam — (i) Condensing and (ii) Non-condensing 

c) Hydro 

d) Gas turbine and (e) Nuclear 
** On the basis of nature of load- 

a) Base load and (b) Peak load 
** On the basis of location- 
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a) Central and (b) Isolated 
** On the basis of service provided- 
a) Stationary and (b) Locomotive (mobile) 
Design Criteria /Requirement of power plant design: 
(i) Economy of expenditure i.e. minimum (a) capital cost and. 
(b) maintenance/operation cost 
(ii) Safety of plant and personnel 
(iii) Reliability and Efficiency 
(iv) Ease of maintenance 
(v) Good working condition 
(vi) Minimum Transmission cost 


Power Plant Layout: 
Consumer Consumer Consumer 
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5.7 Power Triangle 


VICOSA 


VNISIA 


Figure: Power Triangle 
Active Power: VICosA reprepresents the active power in KW. 
Reactive Power: VISinA represents the reactive power in VAR or KVAR. 
Apparent Power: VI represents the apparent power in VA or KVA. 
Power Factor = CosA= Active Power/ Reactive Power = The cosine angle between voltage 
and current in an a.c. circuit is known as power factor. = Resistace/Impedance 


Fundamentals of Mechanical Engineering 5-19 


5.8 Circuit Breaker 

A circuit breaker is an equipment that breaks a circuit either manually or automatically under 
all conditions at no load, full load or short circuit. 

A circuit breaker is an equipment which can open or close a circuit under all conditions viz. 
no load, full load and fault conditions. It is so designed that it can be operated manually (or 
by remote control) under normal conditions and automatically under fault conditions. For the 
latter operation, a relay circuit is used with a circuit breaker. Fig. 16.1 (i) shows the parts of a 
typical oil circuit breaker whereas Fig. 16.1 (ii) shows its control by a relay circuit. The 
circuit breaker essentially consists of moving and fixed contacts enclosed in strong metal 
tank and immersed in oil, known as transformer oil. 

Under normal operating conditions, the contacts remain closed and the circuit breaker carries 
the full-load current continuously. In this condition, the e.m.f. in the secondary winding of 
current transformer (C.T.) is insufficient to operate the trip coil of the breaker but the 
contacts can be opened (and hence the circuit can be opened) by manual or remote control. 
When a fault occurs, the resulting overcurrent in the C.T. primary winding increases the 
secondary e.m.f. This energises the trip coil of the breaker and moving contacts are pulled 
down, thus opening the contacts and hence the circuit. The arc produced during the opening 
operation is quenched by the oil. It is interesting to note that relay performs the function of 
detecting a fault whereas the circuit breaker does the actual circuit interruption. 


Terminal 
connections 


Bus-bar 


{) (é) 

Operating Principle:Two contacts called electrode remains closed under normal operating 
conditions. When fault occurs on any part of the system, the trip coil of the circuit breaker 
get energized and contacts are separated. 

MCB (Miniature Circuit Breaker) 

Rated current not more than 100 A. 

Trip characteristics normally not adjustable. 

Thermal or thermal-magnetic operation. 

MCCB (Moulded Case Circuit Breaker) 

Rated current up to 1000 A. 

Trip current may be adjustable. 

Thermal or thermal-magnetic operation. 


5-20 Power Plant Engineering 


ACB (Air Circuit Breaker) 
Rated current up to 10,000 A. 
Trip characteristics often fully adjustable including configurable trip thresholds and delays. 
Usually electronically controlled—some models are microprocessor controlled. 
Often used for main power distribution in large industrial plant, where the breakers are 
arranged in draw-out enclosures for ease of maintenance. 
VCB (Vacuum Circuit Breaker) 
With rated current up to 3000 A, 
These breakers interrupt the arc in a vacuum bottle. These can also be applied at up to 35,000 
V. Vacuum circuit breakers tend to have longer life expectancies between overhaul than do 
air circuit breakers. 
Sulphur Hexafluoride (SF6) circuit breaker: 

1. Sulphur Hexafluoride (SF6) gas is used as an arc quenching medium.SF6 is an 

electro-negative gas. 

2. It has strong tendency to absorb electrons. 

3. When contact is opened in a high pressure flow of SF6 gas, arc produced. 

4. It is much effective for high power and high voltages services. (Such as- 235KV, 

400KV etc.) 

CT: CT means current transformer. It is used to measure the amount of current in a line by a 
predefined CT ratio. CT protects the transformer by reducing the current of the main line 
according to the CT ratio. 
PT: PT means potential transformer. It is used to measure the amount of voltage in a line. It 
protects the transformer by dropping the voltage of the line according to the PT ratio. It is 
also used to measure the amount of power transmitted through the line. 
Relays: A relay is a device which detects the fault and supplies information to the breaker for 
circuit interruption. Fig.(ii) shows a typical relay circuit. It can be divided into three parts viz. 
(i) The primary winding of a current transformer (C.T.) which is connected in series with the 
circuit to be protected. The primary winding often consists of the main conductor itself.’ 
(ii) The second circuit is the secondary winding of C.T. connected to the relay operating coil. 
(iii) The third circuit is the tripping circuit which consists of a source of supply, trip coil of 
circuit breaker and the relay stationary contacts. 
Under normal load conditions, the e.m.f. of the secondary winding of C.T. is small and the 
current flowing in the relay operating coil is insufficient to close the relay contacts. This 
keeps the trip coil of the circuit breaker unenergised. Consequently, the contacts of the circuit 
breaker remain closed and it carries the normal load current. When a fault occurs, a large 
current flows through the primary of C.T. This increases the secondary e.m.f. and hence the 
current through the relay operating coil. The relay contacts are closed and the trip coil of the 
circuit breaker is energised to open the contacts of the circuit breaker. 
Fuses: A fuse is a short piece of wire or thin strip which melts when excessive current flows 
through it for sufficient time. It is inserted in series with the circuit to be protected. Under 
normal operating conditions, the fuse element it at a temperature below its melting point. 
Therefore, it carries the normal load current without overheating. However, when a short 
circuit or overload occurs, the current through the fuse element increases beyond its rated 
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capacity. This raises the temperature and the fuse element melts (or blows out), 
disconnecting the circuit protected by it. In this way, a fuse protects the machines and 
equipment from damage due to excessive currents. It is worthwhile to note that a fuse 
performs both detection and interruption functions. 


Function It perfonns both detection and 
interruption functions. 


Circuit breaker 


It performs internuption function 
only. The detection of fault is 
made by relay system. 


Operation Inherently completely automatic. Requires elaborate equipment 


(1e. relays) for automatic action. 


Small 
Very small (0-002 sec or so) 


Breaking capacity Very large 


Operating time Comparatively large (0-1 to 0:2 
P 3 8 


sec) 


No replacement after operauion. | 


5.9 Strain Gage Measurement through Wheatstone bridge circuit: 
A fundamental parameter of the strain gage is its sensitivity to strain, expressed 
quantitatively as the gage factor (GF). Gage factor is defined as the ratio of fractional change 
in electrical resistance to the fractional change in length (strain): 

AR/R  AR/R 

GF = —— = 

AL/L € 
In practice, strain measurements rarely involve quantities larger than a few millistrains 
(10-3). Therefore, to measure the strain requires accurate measurement of very small 
changes in resistance. For example, suppose a test specimen undergoes a strain of 500 me. A 
strain gage with a gage factor of 2 will exhibit a change in electrical resistance of only 2 om 
x107°= 0.1%. For a 120 Q gage, this is a change of only 0.12 Q. 
To measure such small changes in resistance, strain gages are almost always used in a bridge 
configuration with a voltage excitation source. The general Wheatstone bridge, illustrated in 
Figure 3, consists of four resistive arms with an excitation voltage, VEX, that is applied 
across the bridge. 


Requires replacement after every 
operation. 


Replacement 


Figure 3. Wheatstone bridge 
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The output voltage of the bridge, Vo, is le to: 


Vv, = |—_—_-_ - —_——_ 
-[-ez- al: Vex 


; dead AES8 Ri _R ; 
From this equation, it is apparent that when am = = the voltage output V, is zero. Under 
2 3 


these conditions, the bridge is said to be balanced. Any change in resistance in any arm of the 
bridge results in a nonzero output voltage. 


Therefore, if R4 is replaced in Figure 3 with an active strain gage, any changes in the strain 
gage resistance will unbalance the bridge and produce a nonzero output voltage. If the 
nominal resistance of the strain gage is designated as RG, then the strain-induced change in 
resistance, DR, can be expressed as DR = RG-GF-e, from the previously defined Gage Factor 


equation. Assuming that R] = R2 and R3 = RG, the bridge equation above can be rewritten 
1 


to express V,/Vg, as a function of strain (see Figure 4). Note the presence of the EES 
2 


term that indicates the nonlinearity of the quarter-bridge output with respect to strain. 


Figure 4. Quarter-Bridge Circuit ' 

Ideally, the resistance of the strain gage can be changed only in response to applied strain. 
However, strain gage material, as well as the specimen material to which the gage is applied, 
also responds to changes in temperature. Strain gage manufacturers attempt to minimize 
sensitivity to temperature by processing the gage material to compensate for the thermal 
expansion of the specimen material for which the gage is intended. While compensated gages 
reduce the thermal sensitivity, they do not totally remove it. 
5.10 Generator: Generator is a machine which converts the mechanical energy to electrical 
energy. 
Main parts of a generator: 

1. Magnetic frame or yoke 
Pole-core and pole-shoes 
Pole-coils or field coils 
Armature core 
Armature windings or conducts 
Commutator 


Oy Ee 
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7. Brushes and bearings 
Function of the main parts 

1. Magnetic frame or yoke: (a) Mechanical support (b) Carries the flux produced by 
pole 

2. Pole-shoes: (a) spread out the flux in the air gets being of larger cross-section; 
reduce the reluctance of magnetic path 

(b) They support the acting coils. c 
Pole construction: 

e A solid place made of either cast iron or cast steel but the pole shoe is laminated and 
fastened to the pole face by means of counter work. 

e In modern design, the complete pole cores and pole shoes are built of thin laminations 
of annealed steel which are riveted under hydraulic pressure. 

3. Pole-coils: Consists of copper wire or strip, are formed to work for the correct 
dimension. 

4. Commutator: The function of the commutator is to facilitate collection of current 
from the armature conducts. If rectified i.e. converts the alternating current induced in 
the armature conductors into unidirectional current in the external load circuit, 
insulated by layer of mica. 

5.11 Components of a Hydraulic power plant. 
The main components of a hydroelectric power plant are given below: 
Power House 
Penstock 
Water Reservoir 
Water Turbine or Hydraulic Turbine (Prime mover) 
Spillway 
Dam 
Surge Tank 
Draft Tube 
. Tail Race Level 

10. Gate 

11. Pressure Tunnel 
Power House: Power house contain generator, water turbine, with transformer and control 
room. When the water rushes through the turbine, it turns the turbine shaft, which is attached 
to electric generator. Generator has a rotary electromagnet call a rotor with a stationary 
element call a stator. Rotors generate magnetic fields that create an electric charge in stator. 
Charge is transmitting as electricity. Step up transformer increase the voltage of current 
coming as of the stator. Electricity is dispersed through power lines. 


SO ee tS 
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Penstock: Penstock pipe is use to convey water as of the dam to hydraulic turbine, Penstock 
pipes are invented of steel or reinforced material. Turbine is installing at a lesser level as of 
the dam. Penstock is given by a gate valve at inlet to totally close the water supply. It has a 
control valve to contro! water flow rate into turbine. 
Water Reservoir: In reservoir water collect as of the catchment area during raining period is 
store at the back a dam. Catchment area obtains its water as of rains with streams. Permanent 
accessibility of water is an essential necessity for a hydroelectric power plant. The stage of 
water surface in reservoir is call Head water level. Eater head presented for power generation 
depends on reservoir height. 
Water Turbine or Hydraulic Turbine (Prime mover): Hydraulic turbines change energy 
of water in mechanical energy. Mechanical energy (revolution) accessible on turbine shaft is 
attached to shaft of an electric generator with electricity is created. Water after performing 
work on turbine blade is discharge through draft tube. Prime movers which are in regular use 
are Francis turbine, Pelton wheel, Kaplan turbine. 
Spillway: Overload addition of water endangers the strength of dam construction. Also in 
order to shun the overflow of water out of dam mainly during raining seasons spillways are 
providing. This prevents the increase of water level in dam. Spillways are passage which 
allows excess water to flow to a dissimilar storage area away as of the dam. 
Dam: The function of dam is to store water with to control the outgoing flow of water. Dam 
helps to store all incoming water. It too helps to raise the head of water. In order to make a 
necessary quantity of power, it is needed that an enough head is available. 
Surge Tank: Surge tank is a little tank or reservoir in which water level rise or waterfall due 
to unexpected changes in pressure. There might rapid enhance of pressure in penstock pipe 
due to rapid backflow of water, as load on turbine is condensed. This rapid rise of pressure in 
penstock pipe is identified as water hammer. Surge tank is initiated among the dam with the 
turbine and serves the follow reason: 

e To decrease the distance among the free water surface in dam and turbine, thus dropping 

the water hammer cause. Otherwise, penstock will damage with the water effect. 
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e To provide as a supply tank to turbine while the water in pipe is accelerates during 
amplified load situation and as a storage tank while the water is decelerating during 
reduced load situation. 
Draft Tube: Draft tube is joined to outlet of turbine. It changes the kinetic energy available 
in water in pressure energy in diverge section. Therefore, it retain a pressure of just above the 
over the atmospheric at end of draft tube to travel the water into a tail race. Water as of the 
tail race is free for irrigation reason. 
Tail Race Level: Tail race is a water path to guide the water discharge as of the turbine to 
river or canal. Water held in the tail race is call Tail race water level. 
Gate: Gate is use to adjust or control the flow of water as of the dam. 
Pressure Tunnel: The way that carries water as of the reservoir to surge tank. 
5.12 Components of nuclear power plant 
The main components of a nuclear power plant are: 

1. Nuclear Reactor 
. Nuclear Fuel 
. Control Rods 
. Steam Generator 
. Reflector 
. Moderator 
. Condenser 
. Shielding 

9, Turbine 
Nuclear Reactor: Nuclear reactor might be regard as a substitute for boiler furnace of steam 
power plant. Heat formed in reactor due to nuclear fission of fuel. Through the fission 
method, the large quantity of heat is liberated. This large quantity of heat is immersed with 
the coolant and it is scattered through the core. 
The different kind of reactors use in nuclear power plant is: 
1. Pressurized water reactor 
2. Boiling water reactor 
3. Fast breeder reactor 
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Nuclear Fuel: Fuel of a nuclear reactor must be fissionable substance which can be define as 
an element or isotope whose nuclei can cause to endure nuclear fission with nuclear offensive 
with to generate a fission chain reaction. It can be one or every of following U233, U235 and 
Pug309. 
Control Rods: 

1. They must be enough strong and should be able to shut down the reactor about directly 
under all situation. 
They must contain enough cross sectional area for the absorption. 
They must contain sufficient heat transfer property. 
They must be constant under heat and radiation. 
They must be corrosion opposing. 
Steam Generator: Heat liberate in reactor is in use up with the coolant circulating through 
core. The function of coolant is to move the heat produce in reactor core with use it for steam 
generation. Ordinary water or heavy water is a general coolant. 
Reflector: Neutrons formed during the fission method will be partially engrossed by fuel 
moderator, rods, coolant or structural material and so on. Neutrons left unabsorbed will 
endeavor to leave reactor core and will be mislaid. Such loss is reducing by surrounding the 
reactor core with a material call reflector which will send neutrons back in core. Return 
neutrons can then source more fission with improve the neutrons economy of reactor. 
Commonly the reflector is invented of beryllium and graphite. 
Moderator: Moderator is use to decrease kinetic energy of fast neutrons into slows neutrons 
with to amplify the possibility of chain reaction. Heavy water, Graphite and beryllium are 
commonly use as moderator. A moderator must possess the following property: 
1. It must contain high melting point lest of solid moderators with low melting point in case 
of liquid moderators. Solid moderators must also have fine machinability and strength. 
2. It must be accessible in large amount in pure form. 
3. It must be constant under heat and radiation. : 
4. It must have elevated thermal conductivity. 
5. It must give good resistance to corrosion. 
6. It must be able to slow neutrons 
7. Condenser Exhaust steam as of turbine flows to condenser where cooling water is 
circulated. Exhaust steam is reduced to water in condenser through cooling. Condensate is 
pump over into the steam generator through the feed pump. 
8. Shielding Reactor is a cause of strong radioactivity. These radiations are extremely 
dangerous and protecting is providing to soak up the radioactive rays. A thick concrete 
shielding with a pressure vessel is providing to stop the radiations escaped to environment. 
9. Turbine Steam formed in steam generator is passed to turbine. Work is done through the 
expansion of stem in turbine. 
5.13 Aircraft Engines and Propulsion System: The modern aircraft engine have the ability 
to actuate massive airstream and thus to produce high thrust. The engine airflow rate is 
perhaps 50 times the fuel flow rate, and the term air breathing engine is quite appropriate. 
Thus, a continuous stream of air flows through the air-breathing engine. The air is 
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compressed, mixed with fuel, ignited, expanded through a turbine and then expelled as the 
exhaust gas. 
The following four types of aircraft engines are generally used 

¢ Turbojet Engine 
© Turboprop Engine 
* Turbofan Engine 
* Ramjet Engine 
At low speeds, propeller propulsion is more efficient than jet propulsion. Conventional 
propellers, however, become inefficient and noisy at flight speeds higher than 0.5 or 0.6 
times the speed of sound. In contrast, turbojet and turbofan engines can function efficiently 
and quietly at flight speeds as high as 0.85 times the speed of sound. Turbojets can also 
operate at supersonic flight speeds. Ramjet, which is the simplest of all air-breathing engines 
can operate at a higher speed than turbojet engines and is mostly suitable for supersonic 
flight. ’ 
Turbojet Engine 
The turbojet engine consists of a gas turbine, the output of which is used solely to provide 
power to the compressor. The compressor and the turbine are normally mounted on common 
shaft. Air is taken into the engine through an approximate diffuser duct, passes through the 


compressor and enters the combustions chamber, where it is mixed and burned with fuel. 
Combustion Tail pipe 
chamber 


Figure: Turbojet 

Most common fuels are hydrocarbons (Aviation kerosene). The ratio of fuel to air is 
determined by the maximum allowable gas temperature permitted by the turbine. Normally, a 
considerable excess air is used. The hot high pressure gases are then expanded through the 
turbine to a pressure which is higher than the ambient atmosphere, and yet sufficiently lower 
than the combustion chamber pressure, to produce just enough power in the turbine to run the 
compressor. After leaving the turbine, the gas is expanded to the ambient pressure through an 
appropriate nozzle. As this occurs, the gas is accelerated to a velocity, which is greater than 
the incoming velocity of the ingested air, and therefore produces a propulsive thrust. 
Turboprop Engine: In this engine, a higher proportion of the total available pressure drop 
from the combustion chamber to the atmosphere is taken through the turbine and a smaller 
proportion through the propulsive nozzle. This strategy produces excess power in the turbine. 
The excess power is used not only to drive the compressor, but also to drive a propeller, in 
the same way as in the conventional reciprocating engines. Here the major portion of the 
thrust is generated by the propeller. 
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Figure: Turboprop 
Turbofan Engine: In a turbofan engine, the air is sucked by the engine inlet. Some of the 
incoming air passes through the fan and continues on into the core compressor and then the 
burner, where it is mixed with fuel and combustion occurs. The hot exhaust passes through 
the core and fan turbines and then out the nozzle, as in a basic turbojet. The rest of the 
incoming air passes through the fan and bypasses, or goes around the engine, just like the air 
through a propeller. The air that goes through the fan has a velocity that is slightly increased 
from free stream. So a turbofan gets some of its thrust from the core and some of its thrust 
from the fan. The ratio of the air that goes around the engine to the air that goes through the 
core is called the bypass ratio. 
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Figure: Turbofan 

Because the fuel flow rate for the core is changed only a small amount by the addition of the 
fan, a turbofan generates more thrust for nearly the same amount of fuel used by the core. 
This means that a turbofan is very fuel efficient. In fact, high bypass ratio turbofans are 
nearly as fuel efficient as turboprops. 
Ramjet Engine: At higher forward speeds, the ram pressure of the air is already very large, 
and the necessity for a compressor tends to disappear. A turbojet engine minus the 
compressor and turbine, but with a combustion chamber, is known as a ramjet engine. Such 
engines simply consists of 

1. A duct designed to diffuse the incoming air, slowing its velocity and raising its pressure. 

2. A combustor, designed to heat the air, normally by combustion with a liquid fuel. 

3. A nozzle, designed to expand and accelerate the heated gases rearwards 
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Figure: Ramjet 
The ramjet engine does not accelerate itself from a standing start but requires some other 
form of propulsion, usually a rocket, to accelerate it to near its operating speed. 


Mathematical Problems 
Important Terms and Factors 
The variable load problem has introduced the following terms and factors in power plant 
engineering: 
(i) Connected load: It is the sum of continuous ratings of all the equipment connected to 
supply system. 
(ii) Maximum demand: It is the greatest demand of load on the power station during a given 
period. 
(iii) Demand factor: It is the ratio of maximum demand on the power station to its 
connected load i.e., Demand factor =Maximum demand/Connected load 
(iv)Average load: The average of loads occurring on the power station in a given Period 
(day or month or year) is known as average load or average demand. 
Daily average load = No. of units (kWh) generated in a day/24 hours 
Monthly average load = No. of units (kWh) generated in a month/Number of hours in a 
month 
Yearly average load =No. of units (kWh) generated in a year/ 8760 hours 
(v) Load factor: The ratio of average load to the maximum demand during a given period is 
known as load factor i.e., 
Load factor =Average load/Max. demand 
If the plant is in operation for T hours, 
Load factor = Average load xT/ Max. demand xT 
=Units generated in T hours/ Max. demand xT hours 
(vi) Diversity factor: The ratio of the sum of individual maximum demands to the 
maximum demand on power station is known as diversity factor i.e. 
Diversity factor = Sum of individual max. demands/Max. demand on power station. 
(vii) Plant capacity factor: It is the ratio of actual energy produced to the maximum 
possible energy that could have been produced-during a given period i.e. 
Plant capacity factor = Actual energy produced/ Max. energy that could have been produced 
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= Average demand~ T/ Plant capacity xT 
= Average demand/ Plant capacity 
Thus if the considered period is one year, 
Annual plant capacity factor = Annual kWh output/Plant capacity x 8760 
(viii) Plant use factor: It is ratio of kWh generated to the product of plant capacity and the 
number of hours for which the plant was in operation i.e. 
Plant use factor = Station output in kWh/ Plant capacity x Hours of use 
Units Generated per Annum 
It is often required to find the kWh generated per annum from maximum demand and load 
factor. 
The procedure is as follows: 
Load factor =Average load/ Max. demand 
- Average load = Max. demand xL.F. 
Units generated/annum = Average load (in kW) <Hours in a year 
= Max. demand (in kW) xL.F. x8760 
1. The maximum demand on a power station is 100 MW. If the annual load factor is 
40%, calculate the total energy generated in a year. 
Solution: 
Energy generated/year = Max. demand xL.F. xHours in a year 
= (100 *10°) x(0-4) x(24 x365) kWh 
=3504 x10° kWh (Ans.) 
2. A generating station has a connected load of 43MW and a maximum demand of 20 
MW; the units generated being 61:5 <106 per annum. Calculate (i) the demand factor 
and (ii) load factor. 
Solution: (i) Demand factor = Max. demand/ Connected load 
= 20/43 
= 0-465 
(ii) Average demand = Units generated per annum/ Hours in a year 
= 61.5 x 10° /8760 
= 7020 kW 
-. Load factor = Average demand/Max. demand 
=7020/(20* 10°) 
= 0-351 or 35-1% (Ans.) 
3. A generating station has a maximum demand of 25MW, a load factor of 60%, a plant 
capacity factor of 50% and a plant use factor of 72%. Find (i) the reserve capacity of 
the plant (ii) the daily energy produced and (iii) maximum energy that could be 
produced daily if the plant while running as per schedule, were fully loaded. 
Solution: (i) Load factor = Average demand/Maximum demand 
or 0:60 =Average demand/25 
“. Average demand = 25 x0-60 = 15 MW 
Plant capacity factor = Average demand/Plant capacity 
-. Plant capacity = Average demand/Plant capacity factor 
= 15/0.5 
=30 MW 
“. Reserve capacity of plant = Plant capacity -maximum demand 


Fundamentals of Mechanical Engineering 5-31 


= 30 —25 = 5 MW (Ans.) 

(ii) Daily energy produced = Average demand x24 
= 15 x24 = 360 MWh (Ans.) 
(iii) Maximum energy that could be produced =Actual energy produced in a day/ Plant use 
factor 
= 360/0.72 = 500 MWhiday (Ans.) 

4. The annual peak load on a 30 MW power station is 25 MW. The power station. 
supplies loads having maximum demands of 10 MW, 8.5 Mw, 5 MW and 4.5 MW. The 
annual load factor is 45%. 
Hee (1) ayerage load (2) Energy supplied per year (3) Diversity factor (4) Demand 
actor , 
Solution: 


(1)Load factor = ——=“~>— 
maximum demand 
. average load = 0.45 x 25 = 11.25 MW (Ans.) 
(2) Energy supplied per year = average load xX no of hours in one year 
‘ = 11.25x8760 = 98.55 x 10° MWh (Ans.) 


sum of individuals maximum demand_10+8.5+5+4.5 


average load 


(3) Diversity factor = maximum aaai : ae = 1.12 (Ans.) 
= maximum eman = _ 
(4) Demand factor conected load 104+8.5+5+4.5 0.89 (Ans.) 


5. A central power station has annual factors as follows load factor 60%, capacity 
‘factor 40%, plant use factor 45%. Power station a maximum demand of 15,000 KW. 
Find (1) Annual energy produced (2) reversed capacity over and above peak (3)Hr per 
year in service. 

Solution: 


(1) — Load factor a EE TT 
Average load=0.60 15000=9000 KW 
Annual Energy Produced = (90008760) K Wh = 78.84 x 10°K Wh (Ans.) 
(2) Capacity factor c = ake 
P y F Cxt 
_ 78.84x10 
ous 0.40x8760 
“ ¢ = 22500 KW 
“. Reserved capacity = 22500 — 15000 = 7500 KW (Ans.) 


(3) plant use factor = 


average load 


CXt; 


ie 
45 = 
Or, 0.45 22500xt; 


t, = 7786 hrs 
“. Hours per year in service = 8760 — 7786 = 974 hours (Ans.) 
6. In a steam power station having a maximum demand of 20 MW the boiler 
efficiency and turbine efficiency are 80% and 90% respectively. 
If the coal consumption is 1Kg per unit of energy generated and cost of coal Tk. 100 
per tonne; determine: 
(a) The thermal efficiency of power station, 
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(b) Cost of coal per year. 

Annual load factor is 50%. 

Solution: (a) Thermal Efficiency = Boiler efficiency x Turbine efficiency 
= 0.80.9 = 0.72 % (Ans.) 


___ Average Load 
(b) Load factor Maximum demand 


-. Average load = 0.5 x 20 = 1OMW 
Energy generated per year = (10x1000)x8760= 87.6x10° KWh 
6 
Coal Consumption = — = 87.6 x 10? Tonnes 


Annual cost of coal = (87.6 x 10%) x 100 = Tk. 8760000 (Ans.) 
a = power station has the following daily load cycle : 


ee 
Hours 
ee 
MW 


Plot the load curve and load duratoin curve. Also calculate the energy generated per 
day and Load factor. 
Solution: 


Load in MW 


Units generated/day = (20x8)+(404)+(60x4)+(20x4)+(50x4) MWhr 
= 840MWhr (Ans.) 

”. Average Load = = = 35MW 

Maximum demand = 60MW 


. ___ Average Load 
-. Load factor Gann pened ee 0.58 (Ans.) 
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6.1 Refrigeration 
Refrigeration is a process of removing heat from a low temperature region and transforming 
it to a high temperature region. 
Or, Refrigeration is the process of extraction heat from a body where temperature is already 
below the temperature of its surroundings. 
The amount of heat removed from the region (or from the body) is known as refrigeration 
effect. 
Basic components of air cycle refrigeration system: 
(a) The compressor 
(b) The cooler or heat exchanger. 
(c) The expander (expansion valve) and 
(d) The refrigerator (evaporator) 
Unit of refrigerator (TR): 
Tonne of refrigeration: A tonne of refrigeration is defined as the amount of refrigeration 
effect produced by the uniform melting of one tonne (1000 kg) of ice from and at 0°C in 24 
hours. : 
Since the latent heat of ice is 335 kJ/kg therefore, one tonne of refrigeration 
1 TR= 1000x335 KJ in 24 hours 
= (1000 x335)/(24x60) = 232.6 KJ/ min 
In actual practice one tonne of refrigeration is taken as equivalent to 210 KJ/min or 3.5 KW 
Coefficient of performance of a refrigerator (COP): 
The coefficient of performance is the ratio of heat extracted in the refrigerator to the work 
done on the refrigerant. 
Theoretically COP = Q/W 
Q = Amount of heat extracted in the refrigerator (or the amount of refrigeration produced or 
the capacity of a refrigerator) 
W = Amount of work done 
EPR (Energy Performance Ratio): , 
The performance of a heat pump is expressed by the ratio of the amount of heat delivered to 
the hot body to the amount of work required to be done on the system. This ratio is called 
coefficient of performance or energy performance ratio of heat pump. 
EPR=COP (for refrigerator) + | 
6.2.1 Vapor compression refrigeration cycle 
In a simple vapour compression system fundamental processes are completed in one cycle. 
These are: 
1. Compression, 2. Condensation, 3. Expansion and 4. Vaporization. 
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The vapour at low temperature and pressure (state ‘2°) enters the “compressor” where it is 
compressed isentropically and subsequently its temperature and pressure increase 
considerably (state ‘3’). This vapour after leaving the compressor enters the ‘‘condenser”. 
where it is condensed into high pressure liquid (state ‘4’) and is collected in a “receiver 
tank”. From receiver tank it passes through the “expansion valve”, here it is throttled down to 
a lower pressure and has a low temperature (state ‘1’). After finding its way through 
expansion “valve” it finally passes on to “evaporator” where it extracts heat from the 
surroundings or circulating fluid being refrigerated and vaporizes to low pressure vapour 
(state 2”). 

Functions of Parts of a Simple Vapour Compression System: 

Here follows the brief description of various parts of a simple vapour compression system 

1. Compressor: The function of a compressor is to remove the vapour from the evaporator 
and to raise its temperature and pressure to a point such that it (vapour) can be condensed 
with available condensing media. 
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2. Discharge line (or hot gas line): A hot gas or discharge line delivers the high-pressure, 
high-temperature vapour from the discharge of the compressor to the condenser. 

3. Condenser: The function of a condenser is to provide a.heat transfer surface through 
which heat passes from the hot refrigerant vapour to the condensing medium. 

4, Receiver tank: A receiver tank is used to provide storage for a condensed liquid so that a 
constant supply of liquid is available to the evaporator as required. 

5. Liquid line: A liquid line carries the liquid refrigerant from the receiver tank to the 
refrigerant flow control. 

6. Expansion valve (refrigerant flow control): Its function is to meter the proper amount of 
refrigerant to the evaporator and to reduce the pressure of liquid entering the evaporator so 
that liquid will vaporize in the evaporator at the desired low temperature and take out 
sufficient amount of heat. 


6.2.2 Vapor. compression refrigeration with Subcooling and Superheating 


- 6.3 Vapor Absorption Refrigeration Cycle 

Major Components: (i) Absorber (ii) Generator (iii) Condenser (iv) Evaporator (v) Expansion 
valve and (vi) Pump. 

The following accessories are fitted to make the system more practical and improve the 
performance and working of the plant. 

1. Heat exchanger. 2. Analyser. 3. Rectifier. 

1. Heat exchanger: A heat exchanger is located between the generator and the absorber. The 
strong solution which is pumped from the absorber to the generator must be heated and the 
weak solution from the generator to the absorber must be cooled. This is accomplished by a 
heat exchanger and consequently cost of heating the generator and cost of cooling the 
absorber are reduced. 
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2. Analyser: An analyser consists of a series of trays mounted above the generator. Its main 
function is to remove partly some of the unwanted water particles associated with ammonia 
vapour going to condenser. If these water vapours are permitted to enter condenser they may 
enter the expansion valve and freeze, as a result the pipe line may get choked. 

3. Rectifier: A rectifier is a water-cooled heat exchanger which condenses water vapour and 
some ammonia and sends back to the generator. Thus final reduction or elimination of the 


percentage of water vapour takes place in a rectifier. 
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6.4.1 Air Conditioning 
The air conditioning is that branch of engineering science which deals with the study of 


conditioning of air i.e. supplying and maintaining desirable internal atmospheric conditions 
for human comfort, irrespective of external conditions. 

Factors affecting Comfort air conditioning: 

(i)Temperature of air 

(ii) Humidity of air 

(iii)Purity of air 

(iv)Motion of air 
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(v)Clothing 

(vi)Sex and age 

(vii) Activity 

Equipment Used in an Air conditioning System: 
Circulation fan: The main function of this fan is to move air to and from the room. 

2. Air conditioning unit: It is a unit, which consists of cooling and dehumidifying 
processes for summer air conditioning or heating and humidification process for winter 
air conditioning. i 

3. Supply Duct: It directs the conditioned air from the circulating fan to the space to be air 
conditioned at proper point. 

4. Supply outlets: These are grills, which distribute the conditioned air evenly in the room. 

5. Return outlets: These are the openings in a room surface which allow the room air to 
enter the return duct. 

6. Filters: The main function of the filters is to remove dust, dirt and other harmful bacteria 
from the air. 


6.4.2 Classifications of Air Conditioning Systems: 
The air conditioning systems may be broadly classified as follows: 
1. According to the purpose 

(a) Comfort air conditioning system, and 

(b) Industrial air conditioning system. 

2. According to season of the year 

(a) Winter air conditioning system, 

(b) Summer air conditioning system, and 

(c) Year-round air conditioning system. 

3. According to the arrangement of equipment 
(a) Unitary air conditioning system and 

(b) Central air conditioning system. 


6.4.3 Chilled-water and Cooling-tower A/C Units (Central A/C System): 

Major Components: (i) Chiller (a complete vapor compression or absorption refrigeration 
system) (ii) Air Handling Unit (AHU) (iii) Cooling Tower. 

In a chilled-water system, the entire air conditioner (chiller) lives on the roof or behind the 
building. The chiller cools water to between 4°C to 7°C. This chilled water is then piped 
throughout the building and connected to air handling units (AHUs) as needed. The AHU 
cools the air by using this chilled water and supply the cooled air through ducts to the 
conditioned space. 

Central air conditioning units range in capacity from about 15 to 3500 tons of refrigeration. 


6.5 HVAC System 

HVAC is in common use in the heating and cooling industry. It stands for "heating, 
ventilation and air conditioning," An HVAC system is responsible for moderating the 
temperature of a building's interior and maintaining it at a comfortable level for the 
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inhabitants. During the hot days of summer, the air conditioning kicks in, providing much- 
needed cool air. In the frigid days of winter, the system supplies heat. 

Main Parts of HVAC: 

Furnace: The furnace unit is typically fairly large, requiring its own space within a building. 
It is often installed in the basement, in the attic, or in a closet. The furnace pushes the cold or 
hot air outward into the ducts that run through every room in the building. Throughout the 
ducts, there are vents that allow the warm or cool air to pass into rooms and change their 
interior temperature. 

Heat exchanger: While often confused for a part of the furnace, because it resides in the 
furnace, the heat exchanger should be considered as a separate component. The heat 
exchanger adds heat to incoming cool air from the air in the combustion chamber. 
Evaporator coil: The indoor coil of your air conditioning system also resides in the furnace 
unit. A cold refrigerant runs through the coil, which absorbs heat from air passing over it. 
The cold air is then blown through the ducts into your home. 

Condensing unit: In most systems, there is an outdoor unit shaped like a cube. Inside of it 
there is the condensing coil. Just like the evaporator coil, it exchanges heat with air that 
passes over it, but in this case, it gives off heat. 

Refrigerant tubes: These lines are made of metal and connect the evaporator coil with the 
condensing coil. They are designed to contain refrigerant under a wide range of temperatures. 
Thermostat: The thermostat is a small unit connected to your HVAC system. Depending on 
what temperature you have set it at, it tells your air conditioning or heating system to turnon . 
and run. 

Ductwork: Ducts are responsible for moving air all around your home. Air comes into your 
HVAC system through certain sections of ductwork, and is distributed to rooms through 
others. 

Vents: Once the air travels through the ductwork, it enters rooms through vents. Vents are 
rectangular covers that can direct or block air. There are also return vents where air is taken 
into the ducts. 


6.6 Refrigerant 
Refrigerant is the substance which is used for heat transfer in a refrigeration system. It picks 
up heat by evaporation at a low temperature and pressure and gives up this heat by 
condensing at higher temperature and pressure. 
Types of Refrigerant: 

1. Primary refrigerant 

2. Secondary refrigerant 
Primary Refrigerant: To complete the cycle, the refrigerant is used is known as primary 
refrigerant. 
Secondary Refrigerant: The refrigerants which are first cooled by primary refrigerants and 
then used for cooling purposes are known as secondary refrigerant. 
Types of primary refrigerant: = 

1. Halo carbon refrigerant 

2. Inorganic refrigerant 


Fundamentals of Mechanical Engineering 6-7 


3. Hydrocarbon refrigerant 
4. Agitrops refrigerant (Two or more refrigerant mixer and has a different properties 
from its mixing components) 
Properties of Refrigerant 
Thermodynamics properties: 
1. Boiling temperature- low as far as possible 2 
2. Freezing temperature- high as far as possible 
3. Compressor and evaporator pressure- it needs to be above atmospheric pressure. If it 
is not, it becomes difficult to detect the leakage. 
4:° Critical temperature and pressure- it should be high 
5. COP & power 
Chemical properties: 
- 1. Flammability: Should be low. 
2. Toxicity- Should be low. 
3. Solubility with water- Should be low. 
4. Miscibility- Ability to mix with oil is called miscibility 


Physical properties: 
1. Corrosive property 
2. Viscosity 
3. Leakage tendency 
4. Inertness & stability 
5. Thermal conductivity 
6. Dielectric strength 
7. Cost 
Method of lick detection: 


1. Soap bubble method 

2. Odor detect method 

3. Color detect method 

4. Halide light method 
Defrosting Method of an Evaporator: 
Manual defrosting method 
Pressure control defrosting method 
Temperature control defrosting method 
Water defrosting method 
Reverse cycle defrosting method 
Simple hot gas defrosting method 
Automatic hot gas defrosting method 
Thermo bank defrosting method 
Electric defrosting method 
6.7 Psychrometric terms 


Dry air: The pure dry air is a mixture of number of gases such as nitrogen, oxygen, carbon- 
dioxcide, hydrogen, argon, neon, helium etc. 


Ok A ee 
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But the nitrogen and oxygen have the major portion of the combination. 

Moist air: It is a mixture of dry air and water vapour. The amount of water vapour, present 
in the air, depends upon the absolute pressure and temperature of the mixture. 

Saturated air: It is a mixture of dry air and water vapour, when the air has diffused the 
maximum amount of water vapour into it. 

Degree of saturation: It is the ratio of actual mass of water vapour in a unit mass of dry air 
to the mass of water vapour in the same mass and pressure of dry air when it is saturated at 
the same temperature. 


Humidity: It is the mass of water vapor present in 1 kg of dry air and is generally expressed 
in kg/kg of dry air. It may also be defined as the ratio of mass of water vapor to the mass of 
dry air in a given volume of the air vapor mixture. Mathematically Humidity, 
W= 0.662 x ™ 
Relative humidity: Relative humidity is the ratio of actual mass of water vapor (my) in a 
given volume of moist air to the mass of water vapor (m,) in the same volume of saturated air 
at the same temperature and pressure. Mathematically relative humidity, 

my Py 

ms; Pp, 
Absolute humidity: It is the mass of water vapour present in | m? of dry air, and is generally 
expressed in terms of Bm per cubic metre of dry air. 
Dew Point Temperature: Dew point temperature has a saturation pressure equal to the 
pressure of water vapor in the air. From steam table we find that the temperature 
corresponding to 14mm of Hg is 16.4 degree Celsius. 
Dry bulb temperature: It is the temperature of air recorded by a thermometer, when it is not 


affected by the moisture present in the air. The dry bulb temperature is generally denoted by 
ty or tgh. ‘ 
Wet bulb temperature: It is the temperature of air recorded by a thermometer, when its bilb 
is surrounded by a wet cloth exposed to the air. Such a thermometer is called Wet bulb 
thermometer. The wet bulb thermometer is generally denoted by ty or twn. 

Wet bulb depression: It is the difference between dry bulb temperature and wet bulb 
temperature at any point. The wet bulb depression indicates relative humidity of the air. 

Dew point temperature: It is the temperature of air recorded by a thermometer, when the 
moisture (water vapour) present in it begins to condense. 

Dew point depression: It is the difference between the dry bulb temperature and dew point 
temperature of air. 

6.8 Psychrometric chart 

Psychrometric chart is a nomogram which shows the graphical representation of the 
properties of moist air. The lines, that the chart contains, are as follows: 
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(i) Wet bulb temperature lines: These lines are inclined, straight and non-uniformly 
speed. 

(ii) Relative humidity lines are curved. 

(iii) Volume lines are straight inclined lines. 

(iv) Humidity ratio lines are straight, parallel, horizontal and uniformly spaced. 

(v) Dry bulb temperature lines are straight, parallel, vertical and uniformly spaced. 
6.9 Psychrometric processes: The following are the main psychrometric processes: 

(i) Sensible heating or cooling. 

(ii) Humidification or dehumidification. 

(iii) Cooling and dehumidification. 

(iv) Heating and humidification. 

(v) Adiabatic or evaporative cooling. 

(vi) Chemical dehumidification. 
(i) Sensible heating or cooling: The process of adding heat or moist air without changing 
the moisture (or humidity ratio) is called sensible heating, whereas the process of removing 
heat from moist air without changing the moisture content (or humidity ratio) is called 
sensible cooling. The line 1-2 shows sensible heating and line 3-4 shows sensible cooling. 
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—~Dry Bulb Temperature —= Dry Bulb Temp. 

Fig.(i): Sensible heating or cooling Fig.(ii): Humidification or dehumidification 


(ii) Humidification or dehumidification: The process of adding moisture at constant dry 
bulb temperature to moist air is called humidification, whereas the process of removing 
moisture at constant dry bulb temperature from the moist air is called dehumidification. In 
Fig. the line 1-2 shows the process of humidification whereas the line 3-4 shows the process 
of dehumidification. During humidification process relative humidity increases whereas 
during dehumidification process relative humidity decreases. 

(iii) Cooling and dehumidification process of moist air as shown in figure. When the moist 
air is cooled below its dew point temperature, the condensation takes place. Line 1-2 
represents cooling of moist air at constant humidity ratio upto dew point temperature. 
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Line 2-3 represents further cooling of the air. The line 1-3 represents the cooling and 
dehumidification process. 


—e Humidity Ratio 


— Humidity Ratio 


—> Dry Bulb Temp —eoDry Bulb Temp 


Fig.(iii): Cooling and dehumidification Fig.(iv): Heating and humidification process 


(iv) Heating and humidification process of moist air is shown in figure. Line 1-2 shows 
heating at constant humidity ratio and line 2-3 shows the humidification process at constant 
dry bulb temperature. The line 1-3 shows the heating and humidification process. 


6.10 Applications of Refrigeration 


Refrigeration of foodstuffs in homes, restaurants and large storage warehouses. 
Air-conditioning of private homes and public buildings. 


_ Cold-storage of fruits, vegetables, fish and meats safely for long periods. 


Meats, poultry and fish all must be kept in climate-controlled environments before being 
sold. 

Refrigeration also helps keep fruits and vegetables edible longer. Dairy products are 
constantly in need of refrigeration. 

To liquefy gases like oxygen, nitrogen, propane and methane for example. 

In oil refineries, chemical plants, and petrochemical plants, refrigeration is used to 
maintain certain processes at their required low temperatures. - 

Metal workers use refrigeration to temper steel and cutlery. 

In transporting temperature-sensitive foodstuffs and other materials by trucks, trains, 
airplanes and sea-going vessels. 


6.10.1 Types of Refrigeration System 


1. Vapor Compression Refrigeration System 
2. Vapor Absorption Refrigeration System 
3. Vapor Ejection Refrigeration System 

4. Air Cycle Refrigeration 

5. 
6 
t 
8 
9 
1 


Vortex Tube Refrigeration 


. Thermo-electric Refrigeration 

. Thermo-acoustics Refrigeration 
. Magnetic Refrigeration 

. Cascade System 

0. Cryogenics 
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6.10.2 Limitations of single stage vapour compression refrigeration systems. 
As evaporator temperature decreases: 
i. Throttling losses increase 
ii. Superheat losses increase 
iii. Compressor discharge temperature increases 
iv. Quality of the vapour at the inlet to the evaporator increases 
v. Specific volume at the inlet to the compressor increases 
6.10.3 Multistage systems can be classified into: 
a) Multi-compression systems 
b) Multi-evaporator systems 
c) Cascade systems, etc. 
Two concepts which are normally integral to multi-pressure systems are, i) flash gas 
removal, and ii) intercooling. 
Multi-stage system with flash gas removal and intercooling 


Compressor - II 


Compressor - I 
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Use of flash tank for intercooling only 


Compressor - I 


Cascade Refrigeration System: 

Applications of cascade systems: i. Liquefaction of petroleum vapours 
ii. Liquefaction of industrial gases 

iii. Manufacturing of dry ice 

iv. Deep freezing etc. 


Condenser 


py in 
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7.1.1 Different terms on strength of materials 

Axial force: This component measures the pulling (or pushing) action perpendicular to the 
section. A pull represents the tensile force that tends to elongate the member whereas a push 
is a compressive force that tends to.shorten it. It is often denoted by P. 

Shear force: These are components of the total resistance to sliding the portion to one side of 
the exploratory (examining) section past the other. It is denoted by V. 

Bending moment: These components measure the resistance to bending the member about 
the Y or Z axes and denoted by My or Mz. 

Stress: When some external system of forces or loads acts on a body, the internal forces 
(equal and opposite) are set up at various sections of the body which resist the external 
forces. This internal force per unit area at any section of the body is known as unit stress or 
simply stress. 


Mathematically, o = = 


Strain: When a system of forces acts on a body, it undergoes some deformation. This 
deformation per unit length is known as unit strain or simply strain. 


Mathematically, ¢ = 


Tensile stress and strain: When a body is subjected to two equal and opposite axial pulls as 
a result of which the body tends to extend its length, the stress and strain induced is known as 
tensile stress and tensile strain. 
Compressive stress and strain: When a body is subjected to two and opposite axial pushes, 
as a result which the body tends to decrease its length the stress and strain induced is known 
a compressive stress and compressive strain. 
Modulus of elasticity: Hook’s law states that when a material is within elastic. limit, the 
stress is directly proportional to strain. 
i.e, one; 0 = Es-~. E=- 
Where, E is a constant of proportionality and known as Young’s Modulus or modulus, of 
elasticity. 
Modulus of rigidity or shear modulus: It is found experimentally that within elastic limit 
shear stress is directly proportional to shear strain. Mathematically, t 00 @; or,t = C 
Where, t = shear stress; p =shear strain and C = constant of proportionality, known as 
Modulus of rigidity or shear modulus. It also denoted by N or G. 
Bulk Modulus: When a body is subjected to three mutually perpendicular stresses of equal 
intensity, the ratio of direct stress to the corresponding volumetric strain is known as bulk 
modulus. It is usually denoted by K. 
Relation between K, E & C. 

1 9KC mE mE 


™ = Poisions ratio’ ~ 3K+C' NS Fan — 2)" = 2(m + 1) 


Shear stress & strain: When a body is subjected to two equal and opposite forces, acting 
tangentially across the resisting section, as a result of which the body tends to shear off the 
section then the stress induced is called shear stress. 
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Bearing stress: A localized compressive stress at the surface of contact between two 
members that are relatively at rest is known as bearing stress or crushing stress. 
P P 


°> Din An 

D = Diameter of the rivet 

t = thickness of the plate 

A = Projected area of the rivet and 

n= number of rivets per pitch length in bearing or crushing 

7.1.2 Typical stress-strain diagram of mild steel showing Yield Strength, Ultimate 


Strength and braking strength on it. 


A- Proportional limit 

B- Elastic limit 

C- Upper yield point 

D- lower yield point 

E- Ultimate stress/strength 
F- Breaking stress/strength 
G- Actual Rupture Strength 


Oo —— Stam —_—_ 


Proportional limit: The point up to which obeys the Hook’s law is a straight line is called 
proportional limit. 

Elastic limit: The elastic limit is the stress beyond which the material will not return to its 
original shape when unloaded but will retain a permanent deformation. 

Yield point: The yield point is the point at which there is an appreciable elongation or 
yielding of the material without any corresponding increase of load. Indeed the load may 
actually decrease while the yielding occurs. 


Ultimate stress: It is the highest ordinate on the stress strain curve. It is expressed by 
ultimate load 


original cross—sectional area 


Rupture strength: It is the stress at failure. 
Rupture load 
Rupture strength or stress = ————_ 
original cross—sectional area 


Ultimate stress 


Factor of safety N= 


working stress 
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7.1.3 Comparative stress-strain diagrams for different materials 
High carbon steel 


Cast iron 


Aluminum 


Concrete 


Strain 


7.2.1 Columns and struts 

Columns are vertical member of a structure which carry axial compressive loads. The struts 
are any members (horizontal, inclined or even vertical) of a structure which carry axial 
compressive loads. The maximum axial compressive load which a column can take without 
failure is known as critical or buckling load or crippling load. 

Slenderness ratio is the ratio of the length of the column to the least radius of gyration of the 
cross-sectional area of column. The greater the slenderness ratio the lesser will be the critical 
load. 

Buckling factor is the ratio of the equivalent length of the column to the least radius of 
gyration of the cross-sectional area of the column. 


7.2.2 Critical stress vs slenderness ratio graph for steel 


100 


Intermediate 
_ columns 
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7.2.3 Difference between beam and column 


Column 
A column is a structural member which 
resist compressive load (axial or 
eccentric). 

2. A building can’t stand without columns. 
3. A column is vertical and is calculated to 
support weight at axis direction and 

caring about flam age. 
4. Column are classified as slender or short 
5. column is axial compression member 


A beam is a structural member which is 

capable of withstanding loads primarily 

by resisting against bending. 

2. A building can stand without beams. 

3. A beam is horizontal or pseudo 
horizontal and is calculated to support 
weight with flexure or torsion stress. 

4. Beams are classified as T,L or 

rectangular. 

Beam is tension compression member. 
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Mathematical Problems 
1. Determine the stress in each section 


Si 
Br 
40001b<—[_ tes aooot| + — 70001 
A=1.2 sq.in A=1.8 sq.in A=1.6 sq.in 
SB SO 4955 5 peek rend 
Obpr = Roa a 3 psi ( Tension) 
P,, 5000 : oe 
Oa) = —— = = = 2777.8 psi (Compression) 
Agi 1.8 
Ps, 7000 
Ost = 


An =aeo 4375 psi (Compression) 


2. A horizontal bar of negligible mass, hinged at A in fig. and assumed rigid, is 


supported by a bronze rod 2.0m long and a steel rod 1.0m long. Using data in the 
accompanying table, compute the stress in each rod 


Steel 


Bronze 
Area(mm7?) 600 300 
E(GPa) 200 83 


Br=2m 
0.8m —ss 


Final Position 50KN 
Now, 
Ma = 0; 0.6 Py + 1.6 Py, = 2.4 X 50 x 10° Gi) 
Again, 
Sst _ Sb 
1 me e PL 
*0.6 og (ag), = ~ Te coe 
1 se -1x Py, x2 
06 * 600 x 100 16 300 x 83 
> Py = = 3. 6Ppr -- Nap een a ee 


-- Gi) 
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Frdm (1) & (ii), 
Py = 11SkKN & Py, = 31.9kN 
Stress: 


_ Ps _ _115x10° 6 
Or a > epoese 192 x 10° Pa (Answer) 


Op = re = = 2hexte = 106 x 10° Pa (Answer) 
3. A beam 150mm wide by 250mm deep supports the loads shown in Fig. Determine the 


maximum flexural stress. 
Solution: 


1SKN 6KN/m 
Im 


250 mm 


150 mm 


Maximum moment at B 
l 
Ma =5%X2x1242x2= 16KN. m 


: bh? 
Section modulus, 6 = es 
M _ 6M _ 6x16x107 
OS a a aasngst 10.24MPa (Answer) 
4. A Load P is supported by two steel springs arranged in series as shown in fig. the 
upper spring is 20 turns of 20 mm diameter wire on a mean diameter 150mm. Lower 
spring has of 15 turns of 10 mm diameter wire on a mean diameter of 130 mm, If 


G=83GPa and 6=83mm, Determine P. 


Solution: 
Here, 
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7-7 
R, = 0.075m Rz = 0.065m 
n, = 20 turns nz = 15 turns 
d,; = 0.02m : d, = 0.01m 


We know, 
64PR?n 
b=) Gd+ 


=> 0.083 = 


64 xP ss x20 0.065? x | 
R32 ~ 109 ae 4 

83 x 10 0.02 0.01 
P= 233N (Answer) 


5. A concentrated load P act on the simply supported beam. Draw the SFD and BFD. 
Solution: 


6. A cylindrical pressure vessel is fabricated from plating that has a thickness of 20 mm. 
The diameter of pressure vessel in 450 mm and its length is 2.0 m. determine the 
maximum internal pressure that can be applied if longitudinal stress is limited to 140 
MPa and circumferential stress is limited to 60 MPa. 

Solution: 


Given, t = 0.02 m; D = 0.45 m; o, = 60x 10° Pa; o, = 140 x 10° pa 
we know, 

PD PD 

aes OL ae 


2t 
or, 60 x 10° = sone or, 140 x 10° = —  P = 5.33 MPa «P= 24.89 MPa 


Ans: Maximum internal pressure is 5.33 MPa 


Relation between bulk modulus (K) and Young’s modulus (E) : 
m.E 


Kk = —_—~—-—_. 
3(m — 2) : 
Relation between modulus of elasticity (E) and modulus of rigidity (C): 
m.E 


= o¢m-+4) 
Relation between E,C and K : 
b= OKC. 


‘ 4 1 
— 2 —_—_ 
nee Here, Poisson’s ratio = 
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7. The Young’s modulus of a material is 125GPa and Poisson’s ratio is 0.25. Find the 
modulus of rigidity and Bulk modulus of this material. 


Solution: We know that modulus of rigidity, 

_ mE 

~ 2(m +1) 
Here, E=125 GPa and = = 0.25 or, m=4, 


4x125 
So, = a 50Gpa (Answer) 
: m.E 
Again, =o 
4X125 


—— = 83.33 Gpa (Answer) 


8. Consider a rectangular steel bar 50x40 mm in cross section, pinned at each end and 


an ba to axial compression. The bar is 2 m long and E is 200 GPa. Determine the 


buckling Load and axial stress using Euler’s formula. 
Solution: 
Given, I= = bh? = = x 50 x 403 = 2.67 x 1077 m* 
_ NaEI _ El : = = 
we know, P,, = ee ee [For pinned at each end N=1, C=1] 
2 9 -7 
_t eee = 1316KN (Answer) 
3 
Again og, = Per = ee = 65.8 MPa (Answer) 


A 40x107*x50x10 


9. A thin walled vessel is subjected to an internal pressure of 5 MPa. The diameter of 
the cylinder is 400 mm. If materials has a hei point of 300 MPa and a safety factor of 


3 is employed. Determine the required wall thickness. 
Solution: 
Given P=5x 10° pa safety factor, N = 3 
‘ yield point 300 x 10° mesa 
e oy = ——— = —————— = 
an safety factor 3 pa 
_ PD _ 5x10°x0.4 _ 10° 
WEMOW OCS Fae 
_ PD _ 5x10°x04 _ 10° 
Dae 4t st 
From maximum normal stress theory, 
oO; = Sw Oj = Ow 
6 6 
~-= 100 x 10° == 100 x 10° 
“t= 0.01 m =10 mm ~t=0.005m=5mm 


Answer: maximum wall thickness 10 mm. 
10. A cylinder having diameter of 200 mm and thickness 50 mm is subjected to normal 
stress of 150 MPa. What should be the internal pressure? 
Solution: 
d _ pd 


We know, o, = & 0, = 
2t 4t 
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>150= Px0.2 S459 = Px0.2 
2x0.05 4x0.05 
“.P = 75MPa (Ans.) “.P = 1SOMPa (Ans.) 


11. What is the Euler’s formula for a column of hinged ends? When a columns is 
subjected to 986 N bending loads, Find the EI of length 1 m. 


Solution: 
Euler’s formula for a column of hinged wall 
p= ao [L. = L for hinged wall and c = 1] 
_ wel 
P= 
EI= PP = 286%1"_ _ 99.9 N.m? (Answer) 


~ 2 ~~ [3.1416]? 
12. 3 rod carries 150 Ib. loads. Rod dia. 2 in .Find o in each rod in KPa. 
Solution: 
Here, 3 rod carries 150 lb 


_ 150 
-. l rod carries ele 50 lb = 22.68 kg 


P = mg = 23.68x9.81 = 222.49 N 

Dia = 2 in = 5.08 cm = 5.08x10°*m 
P 

we know, o = " 


A= "=p? = 2416(5,08x1077)” = 2.03 x 107m? 

. 222.49 

8 = F0ax10- me 

= 109.8 kPa (Answer) 

13. A Torque 30 Nm applied on a solid circular shaft of 10 mm diameter. Find shear 
Stress. 
Solution: 
Given=30 Nm, d=10 mm =0.010 m 


_ 16T_ 16x30 
We know, t = —7 = rr as 152.7 MPa (Answer) 


nd- 

Types of Beam 

Following are the various types of beam: 

1, Cantilever beam: A beam fixed at one end and free at other end is known as cantilever beam. 

2. Simply supported beam: A beam supported at its both ends known as imply supported beam. 

3. Overhanging beam: A beam having its end portion extended beyond the support is known as 
overhanging beam. A beam may be overhanging on one side or both sides. 

4. Fixed beam: A beam, whose both ends are fixed, is known as fixed beam. 

Continuous beam: A beam supported on more than two supports is known as continuous beam. 

Types of Loading ; 

A beam may be subjected to the following types of loads: 

1. Concentrated or point load: A load acting at a point of a beam is known as Concentrated or point 
load. 

2. Uniformly distributed load: A load which is spread over a beam in such a manner that each unit 
length is loaded to same extent is known as uniformly distributed load (briefly written as U.D.L.). 
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3. Uniformly varying load: A load which is spread over a beam in such a manner that it varies 
uniformly on each unit length is known as uniformly varying load. Sometimes, the load is zero at 
one end and increases uniformly to other. Such a load is known as triangular load. 

Shear Force and Bending Moment Diagrams 

The shear force (briefly written as S.F.) at the cross-section of a beam may be defined as the algebraic 

sum of all the forces on either side of the section. 

The bending moment (briefly written as B.M.) at cross-section of a beam may be defined as the 

algebraic sum of all the moments of the forces on either side of the section. 

The following figures show the shear force and bending moment diagrams for different types of 

beams and loading. 


ea, 


{- ve) 


W per unit length 


Bending moment diagram 


Fig. Cantilever beam with a point load at the free end Fig. Cantilever beam with uniformly 
distributed load (w/unit length) 


Fig. Cantilever beam with gradually varying load _ Fig. Simply supported beam with point load at 
its mid-point. 
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B.M.D. 


Fig. Simply supported beam with an eccentric point Fig. Simply supported beam with a U.D.L. 
load. 


8.M.D. 
Fig. Simply supported beam with a triangular load Fig. Simply supported beam with a 
varying gradually at zero at both ends to w per meter gradually varying load from zero at one end 
at the center. to w per miter at the other end. 


Note: 1. The bending moment is maximum where shear force diagram changes sign from 

positive to negative or vice versa. In other words, the bending moment is maximum where 

shear force is zero. 

2. The point where the bending moment changes sign (or zero) is known as point of contra 

flexure. This point generally occurs in overhanging beams. . 

Assumptions in Theory of Bending 

The following assumptions are made in the theory of simple bending: 

1. The material of the beam is perfectly homogeneous (i.e. of the same kind throughout) and 
isotropic (i.e. of equal elastic properties in all directions). 

2. The beam material is stressed within its elastic limit and thus obeys Hooke’s law. 

3. The transverse section which are plane before bending, remain plane after bending also. 

4. Each layer of the beam is free to expand or contract independently of the layer, above or 
below it. 

5. The value of Young’s modulus for the material of beam is same in tension and 
compression. 
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Bending Equation for Beams in Simple Bending 
The following is the bending equation for beams in simple bending: 


We Se 
fo y R 
Where M = Bending moment 


I = Moment of inertia of the area of cross-section 
o = Bending stress 
y = Distance of extreme fiber from the neutral axis 
E = Young’s modulus for the material of the beam and 
R = Radius of curvature 
Notes: 1. The line of intersection of the neutral layer with any normal cross-section of a beam 
is known as neutral axis of that section. 
2. On one side of the neutral axis there are compressive stresses and on the other side 
there are tensile stresses. At neutral axis there is no stress of any kind. The neutral axis of a 
section always passes through its centroid. 
3. Since there are compressive stresses on one side of neutral axis and tensile stresses 
on the other side, therefore these stresses from a couple which resist the external bending 
moment, is known as moment of resistance. 


4. From bending equation * = 5 ; we have 
M=o : orM=o x S 


Where S or Z is known as section modulus or modulus of section. 
Springs 
A spring is a device whose function is to distort when loaded and to recover its original shape 
when the load is removed. The various important applications of springs are as follows: 
1. To cushion, absorb or control energy due to either shock or vibration as in car springs, 
railway buffers, shocks absorbers and vibration dampers. 
2. To apply forces as in brakes, clutches and spring loaded valves. , 
3. To control motion by maintaining contact between two elements as in cams and 
followers. 
4. To measure forces as in spring balances and engine indicators. 
5. To store energy as in watches, toys etc. 
Stiffness of a spring 
The load required to produce a unit deflection in a spring is called Stiffness of a spring. 
Carriage Spring or Leaf Springs 
The maximum bending stress developed in the spring is given by 
3Wl 


~~ 2nbr2 


and deflection Sra 


where W = Load on spring 
| = Span of spring 
t = Thickness of the plates 
b = Width of the plates 


Fundamentals of Mechanical 7-13 


n= Number of plates, and 

E = Young’s Modulus for the material of the plates. 
Mechanical properties of materials 
In general, all the materials used by the engineers, may be classified, on the basis of their 
physical properties, into the following four types: 
1. Elastic materials: When a material regains its original position, on the removal of the 
external force, it is called an elastic material. 
2. Plastic materials: When a material doesn’t regain its original position, on the removal of 
the external force, it is called a plastic material. 
3. Ductile materials: When a material can undergo a considerable deformation without 
rupture (e.g. when a material can be drawn into wires), it is called ductile material. 
4. Brittle materials: When a material can’t undergo any deformation (like glass) and it fails 
by rupture, it is called a brittle material. 
14. A steel shaft 3 ft long that has a diameter of 4 in. is subjected to a torque of 15 
kip-ft. Determine the maximum shearing stress and the angle of twist. Use G = 12 x 10° 


psi. 
Solution: 

16T 16x15x1000x12 
Tmax ps 1x43 


=> Tmax=14324psi 
“ Tmax=14.3 ksi (Answer) 
Again, 
os TL _ 15x3x1000x12? 

JG Sxmx44x12x106 
9= 0.0215 rad 
O= 1.23° (Answer) 


15. A solid steel shaft 5 m long is stressed at 80 MPa when twisted through 4°. Using G 
= 83 GPa, compute the shaft diameter. What power can be transmitted by the shaft at 
20Hz? 

Solution: Here, 8 = 4°= 0.0698rad; L = 5m, ty, =80 MPa = 80x10° Pa; G = 83 
GPa=83 x 10° Pa 


= TxS 6 4— 
=> 0.0698 = eR TTC => 113.75x 10° xd Saar 
32 =P=113.75x 10° x (0.138)* x 2m x 20 


“ T=113.75x 10° x d*# 
16T 


nd 
16x113.75x10°xd?* 
=80x106 = ———__.——_ 
wxd 


=> d= 0.138m= 138mm (Answer) 


=>P= 5.19x 10°W 
“ P=5.19 MW (Answer) 


Tmax 
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16. A steel propeller shaft is to transmit 4.5 MW at 3 Hz without exceeding a shearing 
' stress of 50 MPa or twisting through more than 1° in a length of 26 diameters. Compute 
the proper diameter if G = 83 GPa. 

Solution: Here, 6 = 1°= 0.017453rad 

P= 45x10" = 23.87 x 10*N.m 

2uf 2xnmx3 

Based on maximum allowable shearing stress: 


_16T 
nd° 
6 16x23.87x10* 
=> 50 x10°= aa aa 


=> d= 0.28970m = 289.70mm 
Based on maximum allowable angle of twist: 


Tmax 


eye 
0= 7 
4 
=> 0.017453 = EERIE x26d 


3yXTxd* x83x 109 

=> d = 0.35207m= 352.07mm 

Use the bigger diameter, d =352.07mm (Answer) 

17. Beam loaded as shown in Fig. Draw SFD and BMD. 


Solution: 

From the load diagram: XMp = 0 

Mg = 0 =>5Rp=2x50+4+6x 30 
=>5Rp+1x30=3x50 “Rg = 56KN 

“Rp = 24KN 

Segment AB: 30 kN 

VaR = —30KN 

Mag = —30x KN.m A C3 


Fundamentals of Mechanical 


Segment BC: 

Vac = —30 + 56 = 26KN 

Mpc = —-30x+ 56(x = 1) 
= 26x —56 KN.m 


Segment CD: 


Mcp = —30x + 56(x — 1) — 50(& — 4) 
= —30x + 56x — 56 — 50x + 200 
= —24x + 144 KN.m 

\" kN 50 kN | 
load A = Src aa anne ee fon ce eae 
Diagram 
Shear 

Diagram 

Moment 

Diagram 


-30 kN-m 


7-15 


Re = 56 KN 
S 
| 30 kN SO kN { | 
z 8 c 
lm 3m | 
Re = 56 KN 
To draw the shear diagram: 
(1) In segment AB, the shear is uniformly 
distributed over the segment at a magnitude 
of -30KN. 
(2) In segment BC, the shear is uniformly 
distributed at a magnitude of 26KN. 
(3) In segment CD, the shear is uniformly 
distributed at a magnitude of -24KN. 
To draw the Moment Diagram: 
(1) The equation Mag = —30x is linear at 
x=0, Mag =O and at x=Im, Maz = 
—30KN.m 
(2) Mgc = 26x — 56 KN. m is also linear. 
At x = lm, Mge = —30KNm 


“| At x=4m, Mpc = = 48KNm 


When, Mgc = 0, x=2.154m, thus the moment 
is zero at 1.154m from B. 

(3) Mcp = —24x+144KN.m_ is - again 
linear. At x=4m, Mcp = 48KNm; at x = 
6m, Mcp = 0. 


18. Beam loaded as shown in Fig. Draw SFD and BMD. 


2000 Ib 


Solution: 

From the load diagram: 

yMa = 0 

=> 12 Rp + 4800 = 3 x 2000 
“Rp = 100lb 


M = 4800 Ib-ft 
Cc 


=Mp = 0 
=> 12R, = 9 x 2000 + 4800 
“Ra = 1900lb 
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Segment AB: + 


Map = 1900x Ib. ft Ra = 1900 Ib 
Segment BC: K- 3h —| 2000 Ib 
Vac = (1900 — 2000)lb = —100lb A = 
Mgc = 1900x — 2000(x — 3) Ib. ft 
= 1900x — 2000x — 6000 ema =a 
= —100x + 6000 
Segment CD: 


Vep = (1900 — 2000)Ib = —100lb 

Mcp = 1900x — 2000(x — 3) — 4800 lb. ft 
= 1900x — 2000x + 6000 — 4800 
= —100x + 1200 


Ry = 1900 Ib 


2000 Ib M = 4800 Ib-ft To draw the shear diagram: 
(1) In segment AB, the shear is 
uniformly distributed at 1900\b. 
(2) A shear of —100]b is uniformly 
distributed over segments BC and CD. 
To draw the Moment Diagram: 
(1) Mag = 1900xis linear at x=0, 
Shear Map =O and at x=3ft, Map= 
Diagram 5700Ib. ft 7 
(2) For segment BC, Mpc = —100x + 
6000 is linear; 
Atx= 3ft, Mec = 5700 lb. ft 
At x=9ft, Mpc = 5100 Ib. ft 
Moment | (3) Mcp = —100x+1200 is again 


Diagram ; 
linear. At x=9 ft, Mcp = 300Ib. ft; at x 
— - — = 12ft, Mcp = 0. 
19. Beam loaded as shown in Fig. Draw SFD and BMD. 


80 kN 


Solution: 

From the load diagram: =M. = 0 

YM, = 0 => 10Rg =8x80+5x10x 10 
> 10R¢e =2x80+5x10x10 “Ra = 114KN 


Re = 66KN 
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Segment AB: 
Vag = = 114-— 10x KN 
Mag = 114x -— 10x x == 114 — 5x? KN.m 


Segment BC: 
Vac = 114 — 80 — 10x KN 
= 34 —10x KN 
Mac = 114x — 80(x — 2) — 10x x5 
= 160+34x — 5x2 KN.m 


Feeresnrevitree is 
aA Is ig C 4 Diagram 


Ry = 114 KN Re = 66 KN 


Shear 
Diagram 


i Moment 
' Diagram 


Ra = 114 kN 
To draw the shear diagram: 
(1) In segment AB, 
Vag = 114-—-10x KN is linear; at x = 0, 
Vag = 114KN, x= 2m, Vag = 94KN 
(2) Vac = 114 — 80 — 10x KN = 34— 
10x KN for segment BC is linear; at x= 2m, 
Vac = 14KN; at x = 10m, Vgc = —66KN. 
When Vac = 0,x = 3.4m thus Vec = 
0 at 1.4m from B. 
To draw the Moment Diagram: 
(1) Map= 114 — 5x? KN.m is a second degree 
curve for segment AB at x = 0, Map= 0; atx = 
2m, Mag= 208KN.m 
(2) The moment diagram is also a second 
degree curve for segment BC, given by Mgc = 
160+34x —5x* KN.m; at x=2, Mac 
208KN.m; atx = 10m, Mpc = 0. ; 
(3) Note that the moment occurs at point of 
zero shear. Thus, at x=3.4m, Mpc = 217.8 
KN.m 


20. Beam loaded as shown in Fig. Draw SFD and BMD. 
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Solution: 

From the load diagram: 

EMa = 0 

=> 12R,c = 4 x 900+ 18 x400+9x60x 18 
“Re = 17101b 

Segment AB: 

VaB = 670 — 60x lb 

Map = 670x — 60x x = 

= 670x — 30x? Ib.ft 


Segment BC: ~ 

Vac = 670 — 900 — 60x = —230—60x Ib 
Mac = 670x — 900 (x — 4) — 60x x = 

= 3600 — 230x — 30x? Ib.ft 


Segment CD: 
Vep = 670 + 1710 — 900 — 60x 
= 1480—60x lb 


Mcp = 670x + 1710 (x — 12) — 
900 (x — 4) — 60x x5 
= —16920 + 1480x — 30x? Ib.ft 


Ra = 670 Ib H 
i : 


670 Ib : 
—— 4230 Ib 


=470 Ib 


2200 Ib ft 


Re = 1710 Ib ' 
, 


Strength of Materials 


Mc = 0 
=> 12 Rag+6x400=8~x900+3x 
60 x 18 
«Ry = 6701b 
60 lb/ft 
” 
= x = 
Ra = 670 Ib 
200 ib 
Fees | 60 tb/ft 
a, 


am 


Re = 670 ib 


bad 
| 900 Ib | 
60 Ib/ft 
B c 


pom | FE Bt 
Ry, = 670 tb 


Re = £710 Ib 


Load 
Diagrams 


760 Ib 


Shear 
Diagraaia 


Plomnent 
Diagrans 
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21. Beam loaded as shown in Fig. Draw SFD and BMD. 
30 kN/m . 


Solution: 

From the load diagram: 

Ma = 0 

=> 6Rp = 4x 2 x 30 

“Rp = 40KN 

Segment AB: 

VaR = 20KN 

Map = 20x KN.m 

Segment BC: 

Vac = 20—- 30(x = 3) 
= 110-30x KN 

Mpc = 20x — 30(x — 3) = 

= 20x — 15(x — 3)? 


Segment CD: 
Vep =20-30x2 
= — 40KN 


Mcp = 20x — 30x 2x (x —4) 
= 20x —60(x — 4) 


Mp = 0 
> 6R, =2xX2X30 
~Rq = 20KN 


a 


=a 


Ra = 20 kN 
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Solution: 


Segment AB: 


Vag = -—Wox 


Map = *=-? 
AB — ~WoX > = — TWoXxX 
2 2 


R, = 20 kN 


c 
3m — iam fet m 


Rp = 40 KN 


20 kN 


ete 


7 as 

' lé \ 

9.67 m ! 
' 1 ' -40 kN 1 
oh i; | 
t 1 ' : 1 
: i 
60 kN-m | 66.67 kN-m | ' 
t ; F i ! 
10 kKN-m! 
3 ! 


2 A 


Strength of Materials 


Load 
Diagram 


Shear 
Diagram 


Moment 
Diagram 


fo 
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Segment BC: 
L 1 B 
Vac = —Wo5 = 3 Wol A 

L L ss 1 | 
Mac = —Wo (x — =) = —FWoLx+ = Wol? mas —+ 
x 


| Load 
Diagram 


| Shear 
Diagram 


| Moment 
Diagram 


-2wi- 
Wel 


23. Cantilever beam carrying the uniformly varying load shown in Fig. Draw SFD and 
BMD. 


7-22 Strength 
Solution: 
oa eae Pepe al ene] 
ee a ee, cael 
Shear Equation: V = — Sex? aa as 
Moment Equation: M = — =x Fy 
1 /Wo w 
= 2 ° 3 
ee! —xX _—_ =l ee 
3* (pe) = - ae 


Diagram 
v8 


Shear 
Diagram 


Moment 
Diagram 


24. Cantilever beam carrying a distributed load with intensity varying fro 
free end to zero at the wall, as shown in Fig. Draw SFD and BMD. 


of Materials 


m w, at the 
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Solution: 
WwW, w 
ao Se ee 


F, = >x(Wo — y) = =2x x [Wo — “2 (L—x) = 32x? 


2L 
W, 
F, =xy=x[-° (L—-x)| = 7 (Lx - x?) 


. Ww, W, W, 
Shear Equation: V = — Fy — Fp = — =? x? —-° (Lx — x)= as — WoXx 
2 1 
Moment Equation: M = — 3* F, -— 5x F, 
1 Wo z) 1 Wo 2\1 — Wo 2 Wo 3 
=— =x (—2x?)— -x[—2 (Lx — x?)] =— 2x? + =2x 
3% (Gex 2 xP x ) to oy 


To draw the shear diagram: 

Wo 2 a 
V= aL ~Wox iS a concave 
upward second degree curve; at 


x= 0, V=0, atx =L, V = 5 Wol. 
To draw the moment diagram: 
M = — x? + ae is in third 
degree; atx = 0, M=0; atx =L, 
-__i 2 
=—-=WoL 
3 


Moment Diagram 
25. Beam loaded as shown in Fig. Draw SFD and BMD. 


800 Ib/ft 
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Solution: 

From the load diagram: 
Ma =0 

=> 6Re =5x6~x 800 
“Re = 4000Ib 
Segment AB: 

VaB = 800lb 

Map = 800x 


Segment BC: 

Vgc = 800 — 800(x — 2) 
= 2400-800x 

Mec = 800x — 800(x =a 

= 800x — 400(x — 2)? 

Segment CD: 

Vep = 800 + 4000 — 800(x — 2) 
= 6400-800x 


(x=2) 
2)*S 


Mcp = 800x + 4000(x — 6) — 800(x— 2 


= 800x + 4000(x — 6) — 400(x — 2)? 


(x-2) 
) 2 


Strength of Materials 


EMc =0 
> 6R,=1x6x 800 
“Ra = 800lb 


a - 


fk 


Ra = 800 Ib 


800 ib/ft 


ae 


Ry = B00 Ib 


800 Ib/R 


Ry, = 800 Ib 

Jo_____ x 
To draw the shear Diagram: 
(1) 800lb of shear force is uniformly 
distributed along segment AB. 
(2) Vgc =2400-800x is linear; at x = 2ft, 
Vac _ 800]b; at x = 6ft, Vgc = 
—2400lb. When Vgc =0, x=3ft or 


.Vac = 0 at 1ft from B. 


(3) Vep = 6400—800x is also itaaue at 
x= 6ft, Vep = 1600]b; at x = Sft, Vep = 
0. 

To Draw the moment diagram: 

(1) Mag = 800x is linear; at x = 0, 
Map = 0; at x = 2ft, Map = 1600 lb.ft 
(2) Mgc = 800x — 400(x—2)? is 
second degree curve; at x =2ft, Mgc 


1600 Ibft; at x = 6ft, Mpc = 
—1600I]b.ft; at x = 3ft, Mp= 
2000Ib. ft 


GB) Mcp = 800x + 4000(x — 6) — 
400(x — 2)? is also a second degree 
curve; at x =6ft, Mcp = —1600h|b. ft; 
x= Sft, Mcp = 0. 
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26. Beam carrying uniformly varying load shown in Fig. Draw SFD and BMD. 


Wo 
L 
Ra R2 
Solution: 
From the load diagram: ¥Mp,i = 0 
=MpR2 = 0 = LR, = LF = 2x2 x LW, 


Shear Diagrain 


Mere 


Moment Diagrasn 
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27. Beam carrying the triangular loading shown in Fig. Draw SFD and BMD. 


f B Wa 
om. 


posse 


Ry Rz 
Solution: 
By symmetry: 1/3 x 
R; = R, =5x> LWo=< LW, FP lee | 
y oa Wo Yy — 
XK L/20 a EER 
2wW 
seas f-. — 
lt 1. 2Wo , _ Wo .2 Ry 
Feox =>x ern tas Leecomarce™ py 
V=R, ~F =2 LW, — = 2? M= Ryx — Fx =x 
= 7 LWox ——°x? x ax 
= a3 
7; LWox aX 
To draw the shear Diagram: 
V= LW, — We x? is a second degree 


curve; at x = 0, V= ; LW,; atx = > V=0. The 
other half of the diagram can be drawn by the 
concept of symmetry. 


‘ 


Ri Load Diagram 2 To draw the Moment Diagram: 
' = Opal ernie ; : 
Liv, M ; LW,x xs isa third ao curve; at 
x =0, M = 0; atx =L/2, M=~2. The other 


1 
1 
i 
| 
' 
i 
' 
' 
| 
‘ 
ry 
t 
t 


12 
half of the diagram can be drawn by the 


concept of symmetry. 


BP oe ae 


i 
Shear Diagram 
1‘ 


i A 
H ziv, 


a? 
wl. 


Moment Diagram 
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28. Determine the largest weight W that can be supported by two wires shown in Fig. 
The stress in either wire is not to exceed 30 ksi. The cross-sectional areas of wires AB 
and AC are 0.4 in’ and 0.5 in’, respectively. 

Ex j LA PILLEIS ARATE 


Solution: 
For wire AB: 
By sine law (from the force polygon): 


sin40°  sin80° 
=>Tap = 0.6527W 
=> OapAaB = 0.6527W 
=> 30x0.4=0.6527W FBD of knot A 
=> W= 18.4kips 


For wire AC: 
Tin, Ww 
sin60° —_sin80° 
=>T ac = 0.8794W 
=>Tac = SacAac , 
=> 0.8794W = 30 x 0.5 


=> W=17.1kips F 1 F 
:. safe load W =17.1kips (crcl os ince A 


29. A 12-inches square steel bearing plate lies between an 8-inches diameter wooden 
post and a concrete footing as shown in Fig. Determine the maximum value of the load 
P if the stress in wood is limited to 1800 psi and that in concrete to 650 psi. 
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Solution: 
For Wood: 
Pw = OwAw FBD of Wood ‘ 

= 1800x= x Tt x 82 = 90.478kibs 3 
From free body diagram of wood: eK 
P=Py = 90.47kips | 


For concrete: 


P. = 0,A, 
= 650x122 = 93.60 kibs FBD of Concrete “ | 
From free body diagram of concrete: “ 


P=P, = 93.60 kibs 
“Safe load = 90.478kibs (Answer) 


30. What force is required to punch a 20-mm-diameter hole in a plate that is 25 mm 
thick? The shear strength is 350 MN/m?. 
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Solution: 
The resisting area is the shaded area along the perimeter and the shear force V is the equal to 
punching force P. 


V=TA 
=>P = 350 x (a x 0.02 x 0.025) 
= 0.54978 MN 


= 549.8 KN (Answer) 


31. As in Fig., a hole is to be punched out of a plate having a shearing strength of 40 ksi. 
The compressive stress in the punch is limited to 50 ksi. 


(a) Compute the maximum thickness of plate in which a hole 2.5 inches in diameter can 
be punched. 

(b) If the plate is 0.25 inch thick, determine the diameter of the smallest hole that can be 
punched. 


> 


Solution: 

(a) Maximum thickness of plate (b) Diameter of smallest hole 
Based on puncher strength Based on compression of puch, 
P=o6A P= 0A 

= 50X2 x 1 X 2.5 = 50x2 x mx d? = 12.5nd? 

= 78.125n kips Based on shearing of plate 

This is the equivalent shear force of the plate. | V=TtA 

“ V=P =>12.51d? = 40 x mxdx0.25 
Based on shear strength of plate, => d= 0.8in (Answer) 

V=tA 


=>78.1251 = 40 X 1x2.5t 
> t= 0.751 inch (Answer) 
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32. Find the smallest diameter bolt that can be used in the clevis shown in Fig. if P = 400 
KN. The shearing strength of the bolt is 300 MPa. 


Solution: 

The bolt is subjected to double shear 
: V=TA 

= 400 x 1000 = 300 x (2 x ine"| 


- d = 29.13 mm (Answer) 
33. In Fig., assume that a 20-mm-diameter rivet joins the plates that are each 110 mm 
wide. The allowable stresses are 120 MPa for bearing in the plate material and 60 MPa 
for shearing of rivet. Determine (a) the minimum thickness of each plate; and (b) the 
largest average tensile stress in the plates. 


GILLIS PLIIL OLA TLS E OFLEL SS 


SS CNSR ee 


Solution: 

(a) From shearing of rivet (b) Largest average tensile stress in the plate 
Pas TArivets P= oA 

-60x-% 202. =>60001 = o x [7.85x(110-20)] 

= 6000nN “0 = 26.67MPa (Answer) 


From bearing of plate material: 
P= OpAp 

=6000n =120x20t 

=> t= 7.85mm (Answer) 
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34. The lap joint shown in Fig. is fastened by four “-in diameter rivets. Calculate the 
maximum safe load P that can be applied if the shearing stress in the rivets is limited to 
14 ksi and the bearing stress in the plates is limited to 18 ksi. Assume the applied load is 
uniformly distributed among the four rivets. 


Solution: 
For shearing of rivets (double shear) 


P=tA 

=>P= 14x4x2 x 1X ©? 

=> P = 24.74 kips 

Based on bearing of plates: 
P=o0,Ap 

= P = 18x4xe x 7 

=P = 47.25kips 

-. Safe load = 24.74kips (Answer) 


35. In the clevis shown in Fig., find the minimum bolt diameter and the minimum 
thickness of each yoke that will support a load P = 14 kips without exceeding a shearing 
stress of 12 ksi and a bearing stress of 20 ksi. 
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Solution: 

For shearing of rivets (double shear) 
P=tA 

= 14 = 12x2x2 x wx d? 

=> d= 0.8618 in (Answer) 

For bearing of yoke: 

P=0,Ap 

=> 14 = 20x2x0.8618t 

.t = 0.4061in (Answer) 0.5P 0.5P 


36. A cylindrical steel pressure vessel 400 mm in diameter with a wall thickness of 20 
mm, is subjected to an internal pressure of 4.5 MN/m/?. (a) Calculate the tangential and 
longitudinal stresses in the steel. (b) To what value may the internal pressure be 
increased if the stress in the steel is limited to 120 MN/m7? (c) If the internal pressure 
were increased until the vessel burst, sketch the type of fracture that would occur. 
Solution: 


(a) We get, Tangential stress, Longitudinal Stress, 
_ pd =e 
a ae 400 in 
= i = 45 MPa (Answer) 
2x20 _ 4.5x400 
~ 4x20 


= 22.5 MPa (Answer) 


(b) We know, tangential stress is critical. So, 


_ pd 
ot FE 
or, 120= P x400 
2x20 


. P = 12MPa (Answer) 
(C) The brusting force will cause a stress on the longitudinal section that is twice to that of 
the transverse section. Thus, fracture is expected as shown. 


Expected fracture when internal pressure 
~.. iS increased until the vessel burst. 


37. The wall thickness of a 4-ft-diameter spherical tank is 5/16 in. Calculate the 
allowable internal pressure if the stress is limited to 8000 psi. 
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Solution: 
We know for spherical tank, 


=8000=- 


16 
“. P= 208.33 psi (Answer) 
38. Calculate the minimum wall thickness for a cylindrical vessel that is to carry a gas at a 
pressure of 1400 psi. The diameter of the vessel is 2 ft, and the stress is limited to 12 ksi. 
Solution: The critical stress is tangential stress, 
pd 
Et 


1400 (2 x 12) 
> A200 = : 


“t= 1.4 in (Answer) 
39. A cylindrical pressure vessel is fabricated from steel plating that has a thickness of 
20 mm. The diameter of the pressure vessel is 450 mm and its length is 2.0 m. 
Determine the maximum internal pressure that can be applied if the longitudinal stress 
is limited to 140 MPa, and the circumferential stress is limited to 60 MPa. 
Solution: 
Based on circumferential stress (tangential) 


pd 
Of = 2t 
bo P x 450 
oe ~ 2x 20 
or, P=5.33MPa 
Based on longitudinal stress 
pd 
ol “at 
age P x 450 
ie = 4x 20 


-. P = 24.89 MPa (Answer) 
40. A cantilever beam, 50 mm wide by 150 mm high and 6 m long, carries a load that 
varies uniformly from zero at the free end to 1000 N/m at the wall. Compute the 
magnitude and location of the maximum flexural stress. 
Solution: 
Maximum moment occurs at the support (the wall) or at L= 6m. 
Here, we get moment, M= 6000N-m. 
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c-Bam 
h= 150 mm 


_._M_ 6M i : 
“O'S bh? 
Begs 32MPa(Answer) | Moment 
=00ss01s" ee eee Diegress 
- beagegs 

41. A simply supported beam, 2 in wide by 4 in high and 12 ft long is subjected to a 
concentrated load of 2000 Ib at a point 3 ft from one of the supports. Determine the 
maximum fiber stress. 
Solution: 
We get,)) Mp, = 0 
or,R, x 12 —2000x3=0 
“ R, = 500lb 
Then, 1) Fy = 0; 

“ Ry, = 2000 — 500 = 1500lb 


h 
= Sx4500x1? — 10125Psi(Answer) 


2x42 


42. A cantilever of length 2 meter fails when a load of 2KN is applied at the free end. If 
the section of the beam is 40mmX60mm, find the stress at the failure. 

Solution: 

We get, moment, M = 2x2000=4000 

bags es OM 

“O'S > bh? 
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6 x 4000 ZEN 
= 0.04 X 0.062 = 166.67MPa 
A 
40mm | 
60mm 


Mobhr's Circle for Plane Stress 
Principal Stresses (Shear Stress=0): 


_ Sxto Ox—6 
Ge tee re 


= Cet Oy | (ox=Oyn2 2 
Maximum Shear Stress: 


Oy —O. 


— 91792 
Tmax~ > : 
Principal Planes (Planes on which Principal Stresses Act): 
20,= tan eka 

Ox—Oy 
Plane of Maximum Shear Stress: 
20,= tan7? — “*°Y 

2txy 
Average Stress (Shear Stress is Maximum): 
= OxtOy 
Savg— 2 
Normal Stress Transformation 
+ - : 

On= <r + $Y c0826+Txysin20 
Shear Stress Transformation: 
Tnt= — (—Gx — Gy) sin6cos@ + Tyy(cos?6—sin?@) 
Construct Mohr’s circle as follows: 
1. Determine the point on the body in which the principal stresses are to be determined. 


2. Treating the load cases independently and calculated the stresses for the point chosen.. 
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3. Choose a set of x-y reference axes and draw a square element centered on the axes. 

4. Identify the stresses 6,, oy, and Tyy = Tyx and list them with the proper sign. 

5. Draw a set of o - t coordinate axes with o being positive to the right and t being positive in 
the upward direction. Choose an appropriate scale for the each axis. 

6. Using the rules on the previous page, plot the stresses on the x face of the element in this 
coordinate system (point V). Repeat the process for the y face (point H). 

7. Draw a line between the two point V and H. The point where this line crosses the o axis 
establishes the center of the circle. 

8. Draw the complete circle. 

9. The line from the center of the circle to point V identifies the x axis or reference axis for 
angle measurements (i.e. 8 = 0). 

Note: The angle between the reference axis and the o axis is equal to 28p. 

Sign Conversion: 


| ——StressComponent | —“‘NO*PIOt©©FCidCS 
Horizontal Axis - For Compression 
Vertical Axis - For Counterclockwise Shear 


“"s 


& 
“jo E 
og, +9, 
o, 
Spi 
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43. Determine: 
a) The principal planes. 10 MPa 
b) The principal stresses. 

c) The maximum shear stress. 


Solution: 

Construction of Mohr’s circle 

Caye = AS = SEC =20MPa 

CF= 50—20=30MPa 

FX=40MPa 

R=CX = ./ (30)? + (40)? = SOMPa 
Principal planes and stresses 

Omax= OA = OC+CA =20+50 = 70MPa 
Omin= OB = OC—BC =20—50 = —30MPa 
The maximum shear stress 

Tmax=R = 50MPa 


Some Common Cases: 
Pure Uniaxial Tension Pure Uniaxial Compression 


aad = 


o, =90 Tree = 


aS 
— 6, =PHA i <6 
G2 Gy 7 

i 


=< 


Ductile Materials Tend to Fail S.=S/2 
in SHEAR o.% 


~ Note when o, = S,, 
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(aafe ck” 


tend to fail in 
TENSION. 


Strength of Materials 


Uniaxial Tension & Torsional 
Shear Stresses 


* Rotating shaft with axial load. 
* Basis for design of shafts. 


— 


-Chapter-8 


Theory of Machines & 
Machine Design 


8.1Vibrations, 8.2 Equation of motions of a vibration system, 8.3 Critical speed of 
a shaft, Mathematical Problems, 8.4 Variable Stresses in Machine Parts, 8.5 
Standards and Codes 
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8.1Vibrations 

When elastic bodies such as a spring, a beam and a shaft are displaced from the equilibrium 
position by the application of external forces, and then released, they execute a vibratory 
motion. This is due to the reason that, when a body is displaced, the internal forces in the 
form of elastic or strain energy are present in the body. At release, these forces bring the 
body of its original position. When the body reaches the equilibrium position, the whole of 
the elastic or strain energy is converted into kinetic energy is again converted into strain 
energy due to which the body again returns to the equilibrium position. In this way, the 
vibratory motion is repeated indefinitely. 

The following types of vibratory motion are important: 

1. Free or natural vibrations: when no external force acts on the body, after giving it an 
initial displacement, then the body is said to be under free or natural vibrations. The 
frequency of the free vibrations is called free or natural frequency. The following three 
types of free vibrations are important: 

(a) Longitudinal vibrations: when the particles of the shaft or disc move to the parallel to 
the axis of the shaft, then the vibration are known as longitudinal vibrations. In this 
case, the shaft is elongated and shortened alternately and thus the tensile and 
compressive stresses are induced alternatively in the shaft. 

(b) Transverse vibrations: when the particles of the shaft or disc move approximately 
perpendicular to the axis of the shaft, then the vibrations are known as transverse 
vibrations. In this case, the shaft is straight and bent alternatively and bending stresses 
are induced in the shaft. 

(c) Torsional vibrations: when the particles of the shaft or disc move in a circle about the 
axis of the shaft, then vibrations are known as torsional vibrations. In this case, the 
shaft is twisted and unwanted alternatively and torsional shear stresses are induced in 
the shaft. 


B = Mean position ; 4 and C = Extreme positions. 
{a) Longitudinal vibrations. (4) Transverse vibrations. (c) Torsional vibrations. 
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2. Forced vibrations: when the body vibrates under the influence of external force, then 
the body is said to be under forced vibrations. The external force applied to the body is a 
periodic distributing force created by unbalance. The vibrations have the same frequency 

as the applied force. 

3. Damped vibrations: when there is reduction in amplitude over every cycle of vibration, 
the motion is said to be damped vibration. This is due to the fact that a certain amount of 
energy possessed by the vibrating system is always dissipated in overcoming frictional 
resistance to the motion. 

8.2 Equation of motions of a vibration system 
The following are the equations of motion of a vibration system: 


d2x k 7 . 
aa of — xX = 0 For free vibrations . 
d?x dx k : : : : i 
re ar + se 0 For free vibration with viscous damping 
d?x c dx 


ae mae = X=Fsinwt Forced vibration with viscous damping 
Where, c= Co-efficient of viscous damping, 

m = Mass of the vibrating body, and 

k = Stiffness of the vibrating body, 

F sinwt = periodic external force acting on the body. 
8.3 Critical speed of a shaft 
It is the speed of the shaft, at which the rotating shaft tends to vibrate violently in transverse 
direction. Critical speed is also called whirling speed or whipping speed. For a shaft, carrying 
a weight (W) at the centre, the critical speed 

kxg 


w 
Where, k = stiffness of the shaft. 
Motion in a curved path 


: ‘ dv : v2 
Tangential acceleration, a, = ars and normal acceleration, a, = = 


Acceleration of a point moving along a rotating straight line 
an == Tw 


and the tangential component of acceleration, a, is given by 


a, = 2vw + ra 
Where, v = velocity of the point along the straight line 
r= radius of the point 
o=angular velocity of the straight line 
«=angular acceleration of the straight line 
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Instantaneous centre 
If a mechanism is having ‘n’ links, then the number of instantaneous centres would be 
n-1 


n 
Simple pendulum 


T= an [2 
g 


Compound pendulum 


T= 27 k?+h? u 

‘ hxg 
Where, k = radius of gyration of the rigid body about an axis through G (i.e., C.G. of the 
body) and h= distance of the C.G. of the body from the point of suspension. 


The minimum period of a compound pendulum is given by 


2k 
Tmin = 2T m7 
Gear 


Circular pitch, P.= > ; where, D= diameter of pitch circle and T= Number of teeth 
T 


Diametral pitch, Py = 5 


_ 2D 
Module, m= - 


Spur Gear Force Calculation 
F, = Transmitted force 
F, F,= Normal force or separating force 
F, F.= Resultant force 
6 = pressure angle 
F,,= F; tan 8 


r ~ cos Pee 
TT. 
Power, P = Tx ar 


Torque, T= F, x r = Fy x = 


‘of Pitch Circle 


Surface Speed = = 


Gear train 
Simple Gear Train 
When there is only one gear on each shaft, as shown in Fig., it is known as simple gear train. 
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Driver Driven or : 
follower Driver Driven or 


Simple gear train. 


For fig. (a) 

Let, N, = Speed of gear | (or driver) in rpm 

N, = Speed of gear 2 (or driven or follower) in rpm 
T, = Number of teeth on gear | and 

Tz = Number of teeth on gear 2. 


spe tec, Pe 
Speed ratio Ne Ty 
ge Nees 
Train value = Te 
For fig. (b) 


Let, Ny = Speed of driver in rpm 

N, = Speed of intermediate gear in rpm 

N3 = Speed of driven or follower in rpm 

T, = Number of teeth on driver 

T, = Number of teeth on intermediate gear and 
T3; = Number of teeth on driven or follower. 
The speed ratio of the gear train, 


N N T: T N 
—»~72=-/~x 3 i= 


N2 Neg T1 T2 N3 


ie aneed Pate = Speed ofdriver _ No.of teeth on driven 
ReESP Speed ofdriven _ No.of teeth on driver 


Driven or 


Driver follower 


The intermediate gears are called idle gears, as they do not affect the speed ratio or train 
value of the system. The idle gears are used for the following two purposes: 


1. To connect gears where a large centre distance is required, and 


2. To obtain the desired direction of motion of the driven gear (i.e. clockwise or 


anticlockwise) 


Compound Gear Train: When there is more than one gear on a shaft, as shown in Fig. 


below, it is called a compound train of gear. 
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Driver Compound 


Compound gear train. 


Let, Ni = speed of driving gear | in rpm, 
T, = Number of teeth on driving gear 1, 


N2,Nz ...«....Ng = Speed of respective gears in rpm and 
Toy Fg sewn T. = Number of teeth on respective gears and 
So, My Sy ti hy hy Fs 


No°'Na Ne 11 Ts Ts 
Since gears 2 and 3 are mounted on one shaft B, thereforeN, = N3. Similarly gears 4 and 5 
are mounted on shaft C, thereforeN, = Nz. 
N, Ty Te 
iG? fi 
Reverted Gear Train 
Let, 
T, =Number of teeth on gear 1, 
N,= Speed of gear 1 in rpm. 
r, =Pitch circle radius of gear 1, 
Similarly, 
Tz, 13,1, = Number of teeth on respective 
gears, 
Y2,13,%4 = Pitch circle radii of respective 
gears and 
N>,N3,N, = Speed of respective gears in 
rpm. 
Here, ry + ry =r34+1ry 
And, 
NE si te 
Nz T, T3 
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Open and Crossed belt 
me (14-12)? 
I. Try + 12) +] + 2D 


(T1412)? 


L=1(ry + r2) + aes +2D 
Where, L= length of the belt, 


r,=Radius of pulley No.1 
r2=Radius of pulley No.2 ste 2) = QW 
D = centre distance between the two shafts 


Ratio of belt tensions eo \7 f v) 
one elas 


The ratio of belt tensions is given by = = e® 
2 


Where, T, =Tension on tight side of the belt WV) 
T, =Tension on slack side of the belt and ~{ wN ; 
6= angle of contact in radians 


Power Transmitted by belts 


P= (T, —T,)v paw ob A) 
iy, 
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Mathematical Problems 

1. A helical spring, of negligible mass and which is found to extend 0.25mm under a 
mass of 1.5 kg, is made to support a mass of 60 kg. The spring and the mass system 
is displaced vertically through 12.5mm and released. Determine the frequency of 
natural vibration of the system. Fnd also the velocity of the mass when it is 5 mm 
below its rest position 

Solution: 

Given: m= 60 kg; r = 12.5 mm =0.0125 m; x =5 mm = 0.0005m 

Since a mass of 1.5 kg extends the spring by 0.25 mm, therefore a mass of 60 kg will extend 


the spring by an amount, 


5 =" x 60 = 10 mm = 0.01 m 


We ou that frequency of the system, . 
oo = 4.98H A 
== = oe OO z (Answer) 
Velocity of the mass 


Let, v = Linear velocity of the mass 
We know the angular velocity, 


= [f= tai = 31.32 rad 
One loo, 


V= wVr2—x? = 31.32 70.01252 — 0.0052 = 0.36m/s_ (Answer) 


2. Find the power transmitted by a belt running over a pulley of 600 mm diameter at 
200 r.p.m. The coefficient of friction between the belt and the pulley is 0.25 angle of 
lap 160° and maximum tension in the belt is 2500N. 

Solution: Given: d = 600 mm; N = 200 r.p.m ; up = 0.25 ; 8 = 160° = 160 x aa = 2.793 rad ; 

T, = 2500 N 

We know that velocity of the belt, 

tmd.N 1X 0.6 x 200 


WS gg 0 — eo 6.284 m/s 


Let, T2 = Tension in the slack side of the belt 
We know that, 


And, 


2.3log(—) = 16 = 0.25 x 2.793 = 0.6982 
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or, log (2 4) = “<—— = 0.3036 
SP S20 8 — keh oa etaeotierearieer amd (Taking antilog of 0.3036) 
2 
or, T2=—+ = 22 = 1244N 
202" 2.01 2.01 


We know that Power Transmitted by the belt, 

P = (7, —T2) v = (2500-1244) x 6.284 = 7890 W 

= 7.89 kW (Answer) 

3. A single reduction gear of 120 kW with a pinion 250mm pitch circle diameter and 
speed 650 r.p.m is supported in bearings on either side. Calculate the total load due 
to the power transmitted, the pressure angle being 20°. 

Solution: Given: P = 120 kW = 120 x10? W; d = 250 mm or r = 125 mm = 0.125 m; N= 


650 r.p.m.or@ = 271 x = = 68 rad/s; @ = 20° 


Let, T = Torque transmitted in N-m 
We know that power transmitted, 
P=T.o 


or, 120 x10°= T x 68 

or, T = 120 x10° /68 = 1765 N-m 

And tangential load on the pinion, 

Fy = T/r = 1765/0.125 = 14120 N 

Total load due to power transmitted, 

F = F7/ cos = 14120/ cos 20°= 15026 N = 15.026 KN (Answer) 

4. The gearing of a machine tool is shown in fig. below. The motor shaft is connected to 
a gear A and rotates at 975 r.p.m. The gear wheels B, C, D and E are fixed to 
parallel shafts rotating together. The final gear F is fixed on the output shaft. What 
is the speed of gear F? The number of teeth on each gear are as given below 


| __Gear _[ a | B [ ¢ | p |__| F_ 
50 | 7] 6 5 
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Solution: 
Given: Na= 975 r.p.m.; Ta = 20; Tp = 50; Tc = 25; Tp = 75; TE = 26; Tr= 65 
Let, Ng = Speed of gear F i.e Last driven or follower 
We know that, 
Speed of the first driver Product of no. of teeths on drivens 


Speed of the last driven ~ “Product of no. of teeth on drivers 


Na 50X75 x65 


OUN,  20x25x26 > 1%79 
eae de _Na_ 975 = 52 in 
“Ne = igs" ig7s = r.p.m. (Answer) 


5. Two parallel shafts, about 600 mm apart are to be connected by spur gears. One 
shaft is to run at 360 r.p.m and the other at 120 r.p.m. Design the gears, if the 
circular pitch is to be 25 mm 


Solution: 
Given, x = 600 mm; N, = 360 r.p.m; N2= 120 r.p.m; P, = 25mm 
Let, d, = Pitch circle diameter of the first gear 


d.= Pitch circle diameter of the second gear 

We know that the speed ratio, 

N, d, 360 

No _ d, _ 120 = 3 or, dz = 3d, see eee nen cee nee eee eee (1) 
And center distance between the shafts (x), 
600 = > (di + dz) 
or, dy + d, = 1200.. Parner wean CZ) 
From equations (1) and Q), 4 we find that 
d,= 300 mm, and d, = 900 mm 
Number of teeth on the first gear, 

Td, Tt xX 300 
LS Se 87.7 

And the number of teeth on the second gear, 
td, 1 x 900 
“P25 
Since the numbers of teeth on both gears are to be in complete numbers, therefore let us 
make the number of teeth on the first gear as 38. Therefore for a speed ratio of 3, the number 
of teeth on the second gear should be 38 x3 = 114 
Now the exact pitch circle diameter of the first gear, 


To = = 113.1 
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T, xP, 38x 25 


dq’, = ee 302.26 mm 
And the exact pitch circle diameter of the second gear, 
T. x PB, 114 x 25 
ad’, = ——— = ———_ =_ 907.1 mm 
Tt T 


Exact distance between the two shafts, 


d,+ dy, 302.26 + 907.1 
X’= Bega aaa ala 604.73 mm 


Hence the number of teeth on the first and second gear must be 38 and 114 and their pitch 
circle diameters must be 302.36 mm and 907.1 mm respectively. The exact distance between 
the two shafts must be 604.73 mm (Answer) 

6. A shaft of 100 mm diameter and 1 metre long has one of its ends fixed and the other 
end carries a disc of mass 500 kg at a radius of gyration of 450 mm. The modulus of 
rigidity for the shaft material is 80 GN/m’. Determine the frequency of torsional 
vibrations. 

Solution: Given, d =100 mm =0.1 m; I=1 m; m =500 kg; k=450 mm=0.45 m; C=80 

GN/m?=80 =10? N/m’. 

We know, the polar moment of inertia of the shaft, 

J= = x d‘= ax(0. 1)*= 9.82x10% m!é 


Torsional stiffness of the shaft, 


-6 
q= e 80109 — =785.6 x102 N-m. 


We know that mass moment of inertia of the shaft, 
1=m.k?=500 (0.45)’=101.25 kg-m* 
Frequency of torsional vibrations, 


785.6 x10 — 88:1_ oi Hz (Answer) 

101.25 

7. The measurements on a chal vibrating system show that it has a mass of 8 kg 
and that the springs can be combine to give an equivalent spring of stiffness 5.4 
N/mm. If the vibrating system has a dashpot attached which exerts a force of 40 N 
when the mass has a velocity of 1 m/s, find 1. Critical damping co-efficient 2. 
Damping factor 3. Logarithmic decrement and 4. Ratio of two consecutive 
amplitudes. 

Solution: m= 8 kg; s = 5.4 N/mm = 5400 N/m 

Since the force exerts by dashpot is 40 N, and the mass has a velocity of 1 m/s, therefore 

damping coefficient (actual), > 

c= 40 N/m/s 

1. Critical damping co-efficient 
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We know that critical damping coefficient, 


Cc=2m. O,=2m E =2~x8 (5402 =416 N/m/s (Answer) 


2. Damping factor 


We know the Damping factor 


= 5 = 4° — 9.096 (Answer) 
Cc 


3. Logarithmic decrement 
We know that Logarithmic decrement, 


2c 21x 40 
$= = SS; = 0.6 (Answer 
Cota? V¥4167—402 ( ) 

Cc 


4. Ratio of two consecutive amplitudes. 
Let x, and xp+; = Magnitude of two consecutive amplitudes 
We know that Logarithmic decrement, 


— Xn 
6 7: In naa 
Xn _ 8 0.6 _ 
8) Oh aerrg i (2.7) °= 1.82 (Answer) 


8. The turbine rotor of a ship has a mass of 8 tonnes and a radius of gyration 0.6 m. It 
rotates at 1800 r.p.m. clockwise, when looking from the stern. Determine the 
gyroscopic couple, if the ship travels at 100 km/hr and steer to the left in a curve of 
75 m radius. 

Solution: Given, m = 8ton = 8000 kg; k = 0.6 m; N = 1800 r.p.m. or @ = 2 x 1800/60 = 

188.5 rad/s; v = 100 km/h = 27.8 m/s; R = 75 m 

We know that mass moment of inertia of the rotor, 

I =m. k? = 8000x0.6? = 2880 kg-m” 

And angular velocity of precession, 


We know that gyroscopic couple, 

C=I. ®. @p= 2880 188.5x0.37 = 200866 N-m (Answer) 

9. The speed ratio of the reversed gear train, as shown in fig is to be 12. The module 
pitch of gears A and B is 3.125 mm and of gears C and D is 2.5 mm. Calculate the 
suitable numbers of teeth for the gears. No gear is to have less than 24 teeth. 
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Solution: Given: Speed Ratio, Na /Np=12; ma=mp=3.125 
mm; mc=mp=2.5 mm : 
Let, Na=Speed of gear A, 
Ta=Number of teeth on gear A, 
ra=Pitch circle radius of gear A, 
Np, Nc, Np=Speed of respective gears 
Tp, Tc, Tp=Number of teeth on respective gears, and 
rp, tc, fp=Pitch circle radii of respective gears 
We know that circular pitch, 


2mTr 
P= =xm 
m.T 7 
Or, r= x Where m is the module. 
_ m.T1, _ m.T2, _ m.T3_ _m.T4, 
Mi> se Ss eS 


2 2 
Now from equation ( 1) 
m.T1 4 m.T2 m.T3 m.T4 


2 2 2 2 
Tit+T2=T3+Ty ' 
Since the speed ratio between the gears A and B and between the gears C and D are to be 
same, therefore 

Na/Np=Nc/Np=V12 = 3.464 

Also the speed ratio of any pair of gears in mesh is the inverse of their number of teeth, | 
therefore 

Tp/Ta=Tp/ TcH3.464 cee eee e cece eeeeeeees (1) 

We know that the distance between the shafts 

X=ratra=fctrp=200 mm 

m mcTc ,MpTp 


Ta ,mpgT m.T 
AA BB Were 1 DD —900 (r= —) , 
2 2 2 2 2 


3.125 (Ta + Tp) =2.5 (Tc + Tp) = 400 ( ma-Mp and Mc—-Mp ) 
Tae p=400/3125=128" = thn tateg alia vise sade fe (2) 

And, Tc + Tp =400/2.5=160 haces cece ecececaeeeeeseeees (3) 

From equation (1), Tp= 3.464 T,. Substituting the value of Tp in equation (2), 


Fundamentals of Mechanical Engineering | 8-13 


Ta +3.464 Ta=128 

Or, Ta=128/4.464=28.67 say 28 (Answer) 

Tg=128—28=100 (Answer) 

And, Again from equation (1), Tp=3.464 T: Substituting the value of Tp in equation (3), 

Tc +3.464 T-=160 

Or, T-=160/4.464=35.84 say 36 (Answer) 

Ts=160—36=124 (Answer) 

Note: The speed ratio of the reverted gear train with the calculated values of number of teeth on 


each gear is 
NA __TBxTD _ 100x124 
ND TAxTC 28x36 


=12.3 


Variable Stresses in Machine Parts 
Stress Concentration 
Whenever a machine component changes the shape of its cross-section, the simple stress 
distribution no longer holds good and the neighbourhood of the discontinuity is different. 
This irregularity in the stress distribution caused by abrupt changes of form is called stress 
concentration. _ 
It occurs for all kinds of stresses in the presence of fillets, notches, holes, keyways, splines, 
surface roughness or scratches etc. . 
Theoretical or Form Stress Concentration Factor: 
The theoretical or form stress concentration factor is defined as the ratio of the maximum 
stress in a member (at a notch or a fillet) to the nominal stress at the same section based upon 
net area. 
Mathematically, theoretical or form stress concentration factor, 
Maximum stress 
*~ Nominal stress 
The value of K, depends upon the material and geometry of the part. 
Notch sensitivity: 
In cyclic loading, the effect of the notch or the fillet is usually less than predicted by the use 
of the theoretical factors as discussed before. The difference depends upon the stress 
gradient in the region of the stress concentration and on the hardness of the material. The 
term notch sensitivity is applied to this behavior. It may be defined as the degree to which 
the theoretical effect of stress concentration is actually reached. 
When the notch sensitivity factor q is used in cyclic loading, 
— Kr-1 
ast 
Kp = 1+ q(K; — 1) [For tensile or bending stress] 
Kp, = 1+ q(Ki, — 1) [For shear stress] 
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Smaxt Smin 
2 
2. Reversed stress component or alternating or variable stress, o, = 


1. Mean or Average stress, 0, = 


Smax—Omin 


2 
Note: For repeated loading, stress varies from maximum to zero (i.€. Omin=0 ) in each cycle 
as shown in Fig. d. 


Fs <2 — Omax 
Om = Oy = 2 


3. Stress Ratio, R = es For completely reversed stresses, R = — 1 and for repeated 


stresses, R = 0. It may a noted that R cannot be greater than unity. 
4, Amplitude Ratio, A= 


om 
It has been found experimentally that when a material is subjected to repeated stresses, it fails 
at stresses below the yield point stresses. Such type of failure of a material is known as 
fatigue. A little consideration will show that if the stress is kept below a certain value as 
shown by dotted line in Fig. (c), the material will not fail whatever may be the number of 
cycles. This stress, as represented by dotted line, is known as endurance or fatigue limit (o,) 
Combined Steady and Variable Stress: 


” 
~—+——~ Mean siress (¢,,) ——> 


Compressive Tensile 


Fig.: Combined mean and variable stress 
Gerber Method for Combination of Stresses: 


2 
According to Gerber, variable stress, = 0, EE - im) F. s| ‘ 
2 
BS escee | Oi ae 
RS (2) FS +> 
pe the fatigue stress concentration factor (Ky), the equation (@) may be written as, 


1 _ {om nese 
FS (22) BS +o 


Goodman Method for Combination of Stresses: (Modified Goodman Equation) 


Now from similar ere COD and PQD, 
PQ _ QD _ OD-0Q _ 


= Se Or 21+ 
co OD OD op 1 

ay om ¢ 
“ae = 1 sy i 

Es ES H 
1 Om Oy 4 
—— + — 5 
F.S Oy Oe | 


Considering stress concentration factor (Kg), 
a = om KrpXoy 


FS oy Ce 
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Soderberg Method for Combination of Stresses: 
Now from similar triangles COD and PQD, 


PQ _ QD _ OD-0Q _ , _ 09 ee 
co s oD o D oD (Failure stress tine) 
. a m ; 
“Ge = 1 = ty Safe stress line 
F.S FS 
1 Om Oy 


> 
vn 


—— Variable stress (o,) —-» 
—_ oo 


emer aes 
Considering stress concentration factor (Ky), 
a — om + Eas foie J 
FS Oy Oe 


fea ee v, 
—— Mean stress (c,,) > 

10. A machine component is subjected to a flexural stress which fluctuates between + 
300 MN/m? and — 150 MN/m?. Determine the value of minimum strength according 
to 1.Gerber relation; 2. Modified Goodman relation; and 3. Soderberg relation. 

Take yield strength = 0.55 Ultimate strength; Endurance strength = 0.5 Ultimate 

strength; and factor of safety =2. 

Solution: Given: 6, = 300 MN/m?; 02, =-150 MN/m?; oy = 0.55 oy; G¢ = 0.5 Oy; F.S.=2 

Let, o,=Minimum ultimate strength in MN/m?. 

We know that the mean or average stress, 

O py EEE? = SORES) = 75 MN/m?. 


2 
o y= 88 = OC) = 255 MN/m?. 


2 
And variable stress, 
1. According to Gerber relation, 

I om Oy 
Fs. eg F.S. + ze 
1 (752 5 4 225 _ 11250 , 450 _ 112504450 oy 
2 Su 0.50y (du)? Su (ou)? 
(0,)? = 22500+ 9000, 
(0,)* — 9000, — 22500=0 

gos 900+, (900)? +4x1%x22500 — 900+948.7 
u 


2x1 2 
= 924.35 MN/m?. (taking +ve sign) 
2. According to modified Goodman relation 
We know that according to modified Goodman relation, 


FS. Oy § O¢ 

1 75 225 525 

-= ef 

2 Oy 0.504 Ou a 


“. Oy= 2586.36 = 1172.72 MN/m?. 
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Standards and Codes 

A standard is a set of specifications for parts, materials, or processes intended to achieve 
uniformity, efficiency, and a specified quality. One of the important purposes of a standard is 
to limit the multitude of variations that can arise from the arbitrary creation of a part, 
material, or process. 

A code is a set of specifications for the analysis, design, manufacture, and construction of 
something. The purpose of a code is to achieve a specified degree of safety, efficiency, and 
performance or quality. 

The organizations of interest to mechanical engineers are: 

Aluminum Association (AA) 

American Bearing Manufacturers Association (ABMA) 

American Gear Manufacturers Association (AGMA) 

American Institute of Steel Construction (AISC) 

American Iron and Steel Institute (AISI) 

American National Standards Institute (ANSI) 

American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 
American Society of Mechanical Engineers (ASME) 

American Society of Testing and Materials (ASTM) 

American Welding Society (AWS) 

International Standards Organization (ISO) 

Society of Automotive Engineers (SAE) 

11. A 25-mm-diameter shaft is statically torqued to 230 N.m. It is made of cast 195-T6 
aluminum, with a yield strength in tension of 160 MPa and a yield strength in 
compression of 170 MPa. It is machined to final diameter. Estimate the factor of safety 
of the shaft. 

Solution: The maximum shear stress is given by 


—16T — __ 164089 _ = 75 x 10° N.m~? = 75MPa 


“nd? mx(25x1073)3 
The two non-zero principal stresses are 75 and -75MPa, making the ordered principal stresses 
0, = 75, d2 = 0 and o3 = —75 MPa. 

We get, n= -37—ay- = Ge s~ = 1.10 (Answer) 

Syt Syc 160 ~~ 370) 
12. A large plate is fabricated from a steel alloy that has a length of crack 3mm. The 
fractural toughness is 80 MPaV/m. Determine allowable internal stress. 
Solution: 
Fractural Toughness, 
Ki, = 80 MPaV¥m; Crack length,a=3mm=0.003m; Factor of safety,n=1; 
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We get, K,, = nova = 1 x ovtt x 0.003 


—~ Kite _ 80 _ 
NEROUOS.  RODOS 824.05 (Answer) 


13. A steel shaft in bending has an ultimate strength of 690 MPa and a shoulder with a 
fillet radius of 3 mm connecting a 32-mm diameter with a 38-mm diameter. The notch 
sensitivity is 0.84 and the stress concentration factor is 1.65. Find the fatigue stress 
concentration factor. 

Solution: 

We get, Kp = 1+ q(K, — 1) = 1+ 0.84 x (1.65 — 1) = 1.55 (Answer) 
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1. A stake is being pulled out of the ground by means of =120.N 
two ropes as shown. Knowing that a =30°, determine by 
trigonometry (a) the magnitude of the force P so that 
the resultant force exerted on the stake is vertical, (b) 
the corresponding magnitude of the resultant. 


Solution: 
Using the triangle rule and the law of sines: 


(a) 


120N _—~P 
sin30°  sin25° 


“P =101.4 N (Ans.) 


(b) 30°+ B + 25° = 180  B = 125° 


120N SR 
sin30° sin 125° 


- R= 196.6 N (Ans. ) 


2. For the hook support as shown, determine by 
trigonometry (a) the magnitude and direction ~ 
of the smallest force P-for which the resultant R © 
of the two forces applied to the support is 
horizontal, (b) the corresponding magnitude of 
R. 


Solution: 
The smallest force P will be perpendicular to R. 
(a) P= (SON)sin25 
“ P=21.1N J (Ans.) 
(b) R= (SON) cos 25° 
-« R= 45.3 N (Ans. ) 
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3. For the stake of Prob. 1, knowing that the 
tension in one rope is 120 N, determine by 
trigonometry the magnitude and direction of the 
force P so that the resultant is a vertical force of 


160 N. 

Solution: 

Using the laws of cosines and sines: 

P2 = 

(120N)? + (160N)? — 2(120N)(160N) cos 25° 
- P = 72.096N 

And 23% = Sn2et 2.0 = 44.703° 


120N  72.096N 
P = 72,1/44.7° (Ans.) 


4, Member BD exerts on member ABC a force P 
directed along line BD. Knowing that P must have 
a 300-Ib horizontal component, determine 

(a) the magnitude of the force P, (b) its vertical 
component, 

Solution 

(a) P sin 35° = 300 lb 


_ 3001b 
™ sin 35° 


“P= 523 1b (Ans. ) 


(b) Vertical component 
Py = Pcos 35° = (523 |b) cos 35° 
“ Py = 428 lb (Ans. ) 


5. A 20-lb force is applied to the control rod AB as 
shown. Knowing that the length of the rod is 9 in. 
and that the moment of the force about B is 120 
Ib-in. clockwise, determine the value of a. 
Solution: 
Free-Body Diagram of Rod AB: 
Q=(20lb)cos@ And Mg = (Q)(Qin.) 
Therefore, 

120 lb.in = (20 Ib)(cos 8)(9 in. ) 


“ 8 = 48,19° 
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From figure, 
«x= 6 — 25° = 48.19° — 25° 
“ Q@ = 23,2° (Ans.) 


20 lb 


6. Using the method of joints, determine the force 
in each member of the truss shown. State whether 
each member is in tension or compression. 
Solution : 
Free Body : Entire Truss 
+T YM Fy=0; By=0; 
+ My=0; — B,(3.2 m) - (48 KN) (7 m) = 0 
By, = — 108 KN 

“ By = 108 KN <— 

>? YF, =0; C-108KN +48 KN =0 

C =60KN-> 


Free Body: Joint B: 


Fap = 180KN_ T (Ans.) 


- Fac = 144KN_ T (Ans.) 
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Free Body : Joint C : 


ae, FAG = BBG. (COUN 
Foe = 144 ken 2 ~ A 12 12 5 
>| 2 Exc Fac =156KN_ C (Ans.) 
/5 
C=GokN |, fe Fee Fac = 144KN_ (Checks) 
GO kr 


7. Using the method of joints, determine the force in each member of the truss shown. 
State whether each member is in tension or compression. 


300 lb 


Solution : 
Reactions: Ma =0 C = 1260 IbT 


d Fx =0 Ax= 


YFy=0 A= 960 IbL 


Joint B: 
F 360 Ih 
es Ag — a Lag Fas Fec 300 lb 
wae = = 
Bis 12 413 5 
F ara 30a ee RE 
BC 


Fag =720lb  T (Ans.) 
Fac = 780 Ib C (Ans.) 


Fundamentals of Mechanical Engineering 9-5 


Joint A: 
4 Saas, 
A= Fool +T YE F/=0 —960lb a =0 
=O Fae 70th Fac = 1200 
= a3 = Fac=12001b  C (Ans.) 
oN >EF.=0 — 720 1b-(1200 Ib)==0 
“e ( Checks ) 


8. Using the method of joints, determine the 
force in each member of the truss shown. 
State whether each member is in tension or 
compression. 

Solution: 


AB = ¥3? + 1.252 = 3.25m 


BC = ¥37+42=5m 


Reactions: 
+O 2M, =0; (84kN)(3 m) — C(5.25 m) = 0 
C = 48 kN — 


3uFy=0; Ay—C=0 
+1 IFy = 0; Ay = 48kN=0 
Joint A: 
SuFy=0: 48kKN—-<Fap = 0 
> = U0; 2 = 
».¢ , 13 AB A = BY by 
Fag = +52 kN = 52KNT (Ans.) ; A eae 
f FJ 
+T Fy = 0; 84 KN ——-(52 KN) — Fac = 0 San ese 
13 47 & 
Fac = +64kN = 64KkNT (Ans.) Lag ie 
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Joint C: 
Fgc _ 48 KN 


5 3 
Fec = 80 KN C (Ans. ) 


9. Determine the force in member BD and 
the components of the reaction at C. 
Solution: 


We note that BD is a two-force member. The 
force it exerts on ABC, therefore, is directed 
along line BD. 


Free body: ABC: 
Attaching Fgp at D and resolving it into 


components, we write 
+0 IMc = 0; (400 N)(135 mm) 


Fay paisa ) (240 0 
(Er, BD aoe 
Fp = —255 N = 255 NC (Ans. ) 


+ 240 


Cy = +120N = 120N > (Ans. ) 


450 
+T XFy = 0; Cy — 400N+ 510 67 29> N) 


=0 
Cy = +625N = 625NT (Ans.) 


ADO rrvrer 
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A* Bt By 
a = Tees a ay 
| 
+ 


135 asin 
a 240 ee] 


————>| 
|e: 


| 


Y QO) ariens 


Pa 
- Fa 
H 
| POOP Sy 
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10. For the frame and loading shown, 
determine the components of the forces 
acting on member CDE at C and D. 

Solution: 
FBD Frame: 


(1.2 m)(2400 N) — (4.8m)Ey = 0 
Ey = 600 NT (Ans. ) 


FBD member BC: 
(= 48. = 8 C 
5h. Oo 
+° "IM. =0; (2.4m)By — (1.2m)(2400 N) 
=0 
By = 1200N J (Ans. ) 
On ABE: 
+TXIFy = 0; —1200 N + Cy — 2400 N =0 
Cy = 3600 NT (Ans. ) 
C a2 C 
xg — bY 
Cy = 4050 N > 
+ 
>XFy =0; —-By+Cxy=0 By =4050N 
< on BC 
On ABE: 


By = 4050 N > (Ans.) 
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4.5 om 


QNOO N 


FBD member 

ABOE: + UM, = Ae 

0; a(4050N) — « \200N 
2aEy =O Ex = ge OSD N 


2025N < (Ans.) 


wy 


Ey = LOON 
Arz7m 


+ 
— Fy = 0; —Ay + (4050 — 2025)N = 
0 Ay= 2025N©¢ (Ans.) 


+TIFy=0; 600N+1200N—Ay 


=0 Ay=1800N 1 (Ans.) 
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11. Using the method of joints, determine the 
force in each member of the truss shown. 
State whether each member is in tension or 
compression. 
Solution: 
Free Body: Truss: 
+9 YMp = 0; F(3 m) — (900 N)(2.25m) 
— (900 N)(4.5m) = 0 
F = 2025N T 


SEF, =0; Ey + 900N+900N=0 
Ex = —1800 N= 1800N < 
+TXFY =0; Ey+2025N=0 
Ey = —2025N = 2025N 1 
We note that AB and BD are zero-force 
members. ” Fag = Fgp = O (Ans. ) 


Free body: Joint A: 
Fac _ Fap = 900 N 
2.25 3.75 3 
Fac = 675N T (Ans. ) 


Fap = 1125 N C (Ans. ) 


Free body: Joint D: 
Fep 7 For _ 1125 N 


3 2.23 3.75 
Fep = 900 NT (Ans. ) 


For = 675NC (Ans. ) 
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Free body: Joint E: 


*EFy = 0; Fee ~1800N =0 Bo fee 
Fer = 1800 NT (Ans. ) ghee F 
lee 
+tSFy=0; Fee —2025N=0 en 
Y CE E, 7208 N 


Fcr = 2025NT (Ans. ) 


Free body: Joint F: 


2.25 
=0 


For = —2250 N = 2250 NC (Ans. ) 


3 
Shue — s5¢ (-2250 N) — 1800 N 
= 0 (Checks) 


12. Knowing that each pulley has a radius of 
250 mm, determine the components of the 
reactions at D and E. 

Solution: 


Free body: Entire assembly: 
+0 UMp=0; (4.8kKN)(4.25m) — Dy (1.5m) = 0 
Dy = +13.6kKN = 13.6 kN => (Ans.) 


+ 
> IFy = 0; Ey + 13.60 kN = 0 
Ex = —13.60 kN = 13.60 KN < (Ans.) 


4+TEFy =0; Dy +Ey—4.8kN=0 .0....(Q) 
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Free body: Member ACE: 
+0 2M, =0; (4.8kN)(2.25 m) + Ey (4m) = 0 
Ey = —2.7kN = 2.7 kN J (Ans.) 


ae &OBKN 


B6kw 
From Eq. (1): Dy — 2.70 KN — 4.80 kN = 0 _— 


Dy = +7.5kN = 7.5kN T 


- 2.25 ope [15m 


13. Determine whether the block shown is in equilibrium and find the magnitude and 
direction of the friction force when 8=25° and P =750 L2kx 
N. 


Solution: 


Assume equilibrium: 


‘\ DFy = 0; 
F + (1200 N)sin 25° — (750 N)cos 25° = 0 
- F=172.6N \ 
+“ Ry =0; 
N — (1200 N)cos 25° — (750 N)sin 25° = 0 
N = 1404.5 N 


Maximum friction force: 
Fin = HgN = 0.35(1404.5 N) = 491.6 N 
Since F < Fy, 
block is in equilibrium (Ans. ) 
Friction force: F = 172.6 N < 25° (Ans. ) 


14. Determine the smallest value of P required to (a) start the block ap the incline, (b) 
keep it moving up, (c) prevent it from moving down. 


45 |b 


Solution: 


(a) To start block up the incline: 
us = 0.40 


~, = tan71 0.40 = 21.80° 
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From force triangle: 
P 45 lb 


LAGOA I nee a OI aiKo’ . * = SED 
sin51.80° sin 28.20° 30+ 21,80 


45 ib 


ec) 


- P = 74.8 lb (Ans. ) 


(b) To keep block moving up: 50-24.80 = 28.20 


yk = 0.30 


(py = tan7! 0.30'= 16.70° 40° {10's 46.70" 


From force triangle: | 
P45 Ib i 
sin 46.70° sin 33.30° e oe nassaeeke 


» P = 59.70 Ib (Ans. ) 


(c) To prevent block from moving down: 


From force triangle: 30°= 2,80 = 8.20 


Ps 45 1b 4sIb 


sin8.20° sin 71.80° 


-. P = 6.76 lb (Ans. ) 


_15. The coefficients of friction are ph, = 0.40 and py, = 0.30 between all surfaces of 
contact. Determine the smallest force P required to start the 30-kg block moving if | 
cable AB (a) is attached as shown, (b) is removed. 


Solution: 


(a) _Free body: 20-kg block 


W, = (20 kg)(9.81 m/s ) 196.2 N 
F, = psN, = 0.4(196.2 N) 78.48 N 


©YF=0;T-F,=0 «~T=F,=7848N 


Free body: 30-kg block 
W, = (30 kg)(9.81 m/s ) 294.3 N 
N, = 196.2 N + 294.3 N = 490.5 N 
F, = p.Nz = 0.4(490.5 N) 196.2 N 


+ 
<— IF = 0;P—F,—F, =0 
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Ao = PAM ye PION 
ot Jr Hay 


—o 


a ihe 


- P = 78.48 N + 196.2 N = 274.7N 


(b) Free body: Both blocks 
Blocks move together 


W = (50 kg) (9.815) = 490.5 N oo. 7 
= 81) = 490. P a 


77 yw pense 
: : 
—IF=0;P—F=0 Papel WE 

P = uN = 0.4(490.5 N) = 196.2 N < (Ans. ) Oa Meet, 

16. A 6.5-m ladder AB leans against a wall as shown. Assuming that the coefficient of 
static friction [1, is the same at A and B, determine the smallest value of p, for which 
equilibrium is maintained. 
Solution: 


tree body: Ladder 
Motion impending: 


Fa = UsNa 
Fg = usNg 
+~ TM, = 0; W(1.25 m) — Ng (6 m) — pNg(2.5 m) = 0 
1.25W . 
BT 6+ 2.5Us 
+t EF, = 0; 


Na +usNp -W=0 
Na = W— i Ng 


WS = 

Me) 64 25is 64 251i. 
6p, + 2.5p,2 — 1.25y,? = 1.25 
ws = 0.2 orp, = —0.5(Diseard) 


“Us = 0.2 (Ans.) 
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17. A flat belt is used to transmit a couple from pulley A to pulley B. The radius of each 
pulley is 60 mm, and a force of magnitude P = 900 N is applied as shown to the axle of 
pulley A. Knowing that the coefficient of static friction is 0.35, determine (a) the largest 
couple that can be transmitted, (b) the corresponding maximum value of the tension in 
the belt. Solve this problem assuming that the belt is looped around the pulleys in a 
figure eight. 

Solution: 

Drum A: 


B = 240° =-t 
3M oe = 309° 
sin8 = ee ee 30 
—= ellsB = e? 354m) 


1 
T, = 4.33227, 


(a) Torque: 

+O UMg = 0; 

M — (844.3 N)(0.06 m) + (194.9 N)(0.06 m) = 0 
M = 39 N.m (Ans. ) 


(b) 

+ 

- XFy = 0; 

(T,+T2) cos 30° — 900 N=0 

(T, + 4.3322T,) cos 30° = 900 N 

So, T; = 194.90N &T, = 4.3322(194.90 N) 844.3 N 
”~ Tmax = 844 N (Ans. ) 
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18. Determine the reactions at A and B 
when (a) a=0, (b) a=90°, (c) a=30°. 


Solution: 


(a) a=0 
+42UM, = 0; 
B(0 in.) — 75 Ib (10 in.) = 0 
B = 37.5 Ib 
+— XF,=0; A, =0 
+Tz Fy =0; Ay —751b+37.5lb =O 
Ay =37.5lb 
A=B=37.5 IbT 


(b) a= 90 
+92M,4=0; B(12 in.) — 75 Ib (10 in.) = 0 
B = 62.5 Ib 
+> IF, =0; A, -B=0 
A, =62.5 Ib 
+1Z Fy =0; Ay —75Ib =0 
A, =75lb 
A=V(Ax2+ Ay’) 
=V{(62.5 Ib)? + (75 1b)?} 
=97.6 lb 


75 
tan8=— 
62.5 


6=50.2° 
A=97.6 1b250.2°; B=62.5 Ib <— 
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(c) a=0 


+©EM,=0; (Bcos30°) (20 in.) + (B sin30°) (12 in.) - 
(75 1b)(10 in.) = 0 


B = 37.5 Ib 
+> XF, =0; Ax -(32.161) sin30°=0 
Ax =16.0805 Ib 


+12 F,=0; Ay +(32.161) cos30° —75=0 
A, =47.148 Ib 

A=V(Ax2+ Ay?) 
=V{(16.0805 Ib)? + (47.148 Ib)*} 
=49.8 Ib 


47.148 
e= 


tan 16,0805 


6=71.2° 
A=49.8 lb271.2°; B=32.3 Ib 460.0° 


19. For each of the plates and loadings shown, determine the reactions at A and B. 


50 Ib 


40 lb 


Po een 


(a) (b) 
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Solution: 


(a) 


+OUM, =0: B(20 in.) — (50Ib.)(4in.) — 


(401b.)(10in.) =0 JO In. 


B=+30lb 


B=30.0lb T 


+2XF,-9: A, +40 1b =0 > 
A, = —40 Ib x= 40lb 
Free-Body Diagram: 
+TIF, =o: Ay +B—50 lb =0 
Ay +30 Ib —S0 Ib =0 


Ay = +20 Ib |. eee 
Ay = 20IbT as a _ [24 
A 
YOU 
a =26.56° 
A =44,72 Ib A=44.7 Ib \26.6° 


(b) 


+O™UM, =0: (Bcos30° )(20 in.) (40 Ib)(10 in.) 
(50 Ib)(4 in.) = 0 


1Oin. 
B =34.64 lb B =34.64 be 


Ib\60.0° 
+ > ZF, =0: A, - Bsin30° + 40 Ib 


30” 


A, - (36.64 Ib)sin30° + 40 Ib =0 
A, = —22.68 Ib A, = —22.68 Ib — 
+TXF, =0: A, -Bcos30° — 50 Ib =0 
Ay + (36.64 Ib)cos30° — 50 Ib =0 
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Ay = +20 Ib A, = 20.0 Ib T 
a =41.4° 
A =30.24 Ib A =30.2 Ib\41.4° Awon 7 
Zo 
AIA 
22.6B/b 


20. A rod AB, hinged at A and attached at B to 
cable BD, supports the loads shown. Knowing 
that d =150 mm, determine (a) the tension in 
cable BD, (b) the reaction at A. 


LOO min 


90.N " 
Solution: 100 min bien mm—}+100 oe 
Free-Body Diagram: 


= 6] 
tana =*2; a = 33.690° 5 ies 
(a) Move T along BD until it acts at Point D. = “Tye Aen 
= 
+OUMa =0 sa aE ct 4 
: (T sin33.690° )(0.15 m) —(90 N)(0.1 m) —(90 N)(0.2 m) = 0 
T = 324.50N T = 324.50N 
(b) 
+ > DF, =0: Ax —(324.50N) cos33.690° =0 
Ax =C270N A, =+270N—> 


+ ZFy =0: Ay ~90N-90N + (324.50N) sin33.690° =0 
A, =0 A =270N— 


9-18 Engineering Mechanics 


21. Two 500-mm rods are pin-connected at D as 
shown. Knowing that B moves to the left with a 
constant velocity of 360 mm/s, determine at the 
instant shown (a) the angular velocity of each rod, 

(b) the velocity of E. 


Solution: 


Rod AB: Draw lines perpendicular to Vg and Vz to eee L eal | 
locate instantaneous center Cap 


Ve = (BCag) Wap 
360 mm/s = (400 mm)W,ap 


Dimensions in min 


“. Wap = 0.9 rad/sec U (Ans. ) 
Velocity of D: Ake 2002~n 1 a 
DCap = 250 mm a 
Vp = (DCaz) Was 
= (250 mm)(0.9 rad/s) 
“Vp = 225mm/s 


Rod DE: Draw lines perpendicular to Vp and Vx to 
locate instantaneous center Cpr. 


DCpz = /(400)2 + (533.3)? = 666.6 m 
(a) Vp = (DCpE)WpE 

225 mm/s = (666.6 mm) Wp 

. Wpg = 0.338 rad/sec U (Ans. ) 


(b) 
Ve = (ECpg) Ope = 
(233.3 mm)(0.3375 rad/sec) 


“ Ve = 78.75 mm/sec < (Ans. ) 
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22. Arm AB has a constant angular velocity of 2 


16 rad/s counterclockwise. At the instant 
when@ = 0, determine the acceleration (a) of 
collar D, (b) of the midpoint G of bar BD. 


Solution: 


Velocity, 
Vp = (AB)wap = (3 in)(16 rad/s) 


+. Vg = 48 in/sT 
Also, Vp = (BC) wWgp 


48 in/s = (8 in) Wgp 
“ Wap = 6rad/s vo 
Acceleration, 


Rod AB: ap = (AB)wi, = (3 in)(16 rad/s)? = 768in/s? <— 


Plane motion = Trans. WithB + Rotation about 


(a) ap = ag + apg = ag + (app) + (adsp)n 
ap © = ag — +(BD)a \ +(BD)w? ¥ 
ap © = 768 in/s? — +(10in)a \ +(10 in)(6rad/s )? v 
ap @ = 768in/s? —+(10 in)a \ +360 in/s? v 
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\ ector Diagram- 


Be Inds a40(F)= 
\ PE hg” 


(10 in)as = 216in/s? “ @ = 27 rad/s? O 


3 
ap = 768 + 288 + = (10 in)a 


5 


ap = 768 + 288 + = (10)(27) + Ap = 1218in/s? — (Ans.) 


(b) ag = ap t+ agp = ag t (aGsp)t + (Ac/B)n 
ag = ag — +(BG)a \ +(BG)w? v 
ag = 768in/s* — +(5 in)(27 rad/s) \ +(5 in)(6rad/s *) ¥ 
ag = 768in/s? — +135 in/s? \ +180in/s? v 


+T components : (ag)y = 135(4/.) - 180(3/,) = 108 in/s? — 108 in/s? = 0 


+ 


-- components : (ag)x = 768 + 135(3/,) + 180(4/. ) 


». (ag)y = 993 in/s? < (Ans. ) 


23. Two rotating rods are connected by slider 
block P. The rod attached at A rotates with a 
constant angular velocity w,. For the given 
data, determine for the position shown (a) the 
angular velocity of the rod attached at B, (b) the 
relative velocity of slider block P with respect to 
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the rod on which it slides. b = 8 in, wa= 6 rad/s. 


Solution: E 
Dimensions: Law of sines, 
AP BP 8in 
sin 20° = sin 120° . sin 40° 
« AP = 4.2567 in 


BP = 10.7784 in 
“ Wap = 6rad/s U 


Velocities, 
Note: P’ = Point of BE contained with P. 
Vp = (AP) Wap 
= (4.2567 in)(6) rad/s 
= 25.54 in/s 430° 
Vp = Vp, + VprBe 


[25.54 ae 207 = [ve we 70°| x [Verse ~n30°| 


(a) Vp, = (25.54) cos 40° ; 
= 19.565 in/s 


Ver _ 19.565 in/s 


aoe = d , 
®BE = Bp = 40.7784 in 1.8152 rad/s U (Ans. ) 


(b) Vp/pe = (25.54) sin 40° = 16.42 in/s “Y 20° (Ans.) 


24. Small wheels have been attached to the ends 
of rod AB and roll freely along the surfaces 
shown. Knowing that wheel A moves to the left 
with a constant velocity of 1.5 m/s, determine (a) 
the angular velocity of the rod, (b) the velocity 
of end B of the rod. 
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Solution: 


Vp = Va + VB/A 


[Vs “= 60°] = [1.5 m/s <] + Vpjq <— 70° 


Law of sines, 


Va _ VB/A _ 1.5m/s 
(b) sin70°sin60°__ sin 50° 
-. Vg = 1.84m/s >» 60° (Ans. ) Vern 
» és 
-. Veja = 1.696 m/s << 70° tb 20° 
(a) Veja = (AB)WaB (o'sgan 
= Adauds 


1.696 m/s = (0.75 m)Wap 
“ Wap = 2.261 rad/s U (Ans. ) 


25. The flywheel of a punching machine has a mass of 300 kg and a radius of gyration of 
600 mm. Each punching operation requires 2500 J of work. (a) Knowing that the speed 
of the flywheel is 300 rpm just before a punching, determine the speed immediately 
after the punching. (b) If a constant 25-N.m couple is applied to the shaft of the 
flywheel, determine the number of revolutions executed before the speed is again 300 
rpm. 

Solution: 

Moment of inertia, 


I = mk? = (300 kg)(0.6 m)? = 108 kg. m2 
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Kinetic energy. 
Position 1. 


Ww, = 300 rpm = 10m rad/s 


1 1 
T= 5 lw? = 3 (108)(101)? = 53.296 x 103 J 
Position 2. T> = Sle,” = 54>" 
Work. U152 = —2500 J 


Principle of work and energy for punching. 
(a) T, + Uj2 = Tz 
53.296 x 103 — 2500 = 54w? 
“. M2 = 30.67 rad/s = 293 rpm (Ans. ) 
Principle of work and energy for speed recovery. 
(b) Tz + Vana = Th 
U2, = 2500 J 

M=25N.m 

U2, = MO 

2500 = 250 

“. @ = 100 rad = 15.92 rev (Ans. ) 


a 
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10.1 Basic mechanical properties of metal. 

Mechanical Properties: These include those characteristics of material that describe its 
behavior (response) under the action of external forces (loads). It can be determined by 
conducting experimental tests on the material specimen. Most common properties are 
strength, Hardness, Toughness, Brittleness, Ductility, Malleability, Elasticity, Plasticity, 
Rigidity, Resilience, Fatigue and Creep. 

1) Strength; It is the ability of a material to resist deformation under the action of tensile, 
compressive or shear force. The strength of a component is usually based on the maximum 
load that can be borne before failure is apparent. The most common measure of strength is 
the yield strength. 

2) Hardness: It is the ability of a material to offer resistance to penetration or indentation. It 
is also the ability to resist wear, abrasion, scratch or cutting. 

3) Toughness: It describes a material’s resistance to fracture under impact loading. It is 
often expressed in terms of the amount of energy a material can absorb before fracture. 
Toughness is not a single property but rather a combination of strength and ductility. 

4) Brittleness: It is that property by virtue of which a material breaks easily under action of 
shock loads without appreciable amount. It indicates the lack of ductility. For example glass, 
ceramics and cast iron are brittle materials. 

5) Ductility: It is a measure of the amount of deformation of a material can withstand before 
breaking. It is also the ability of a material by which it can be drawn into wires. 

6) Malleability: It is the ability of a material by which it can be rolled into sheets. 
Malleability is the ability of a material to exhibit large deformation subjected to compressive 
force whereas ductility is the ability of a material to deform upon the application of tensile 
force. Aluminum, Copper and gold have good malleability. 

7) Elasticity: It is the property of a material to regain its original shape after the removal of 
load. When a material is subjected to an external load of such magnitude that deformation 
continues only with increase in load, and on removing the load it regains its original shape, 
then the material is said to have elasticity. 

8) Plasticity: It is the property of a material by virtue of which it undergoes permanent 
deformation. When a material is subjected to an external load of such magnitude that 
deformation continues with no apparent further increase in load, the material is said to have 
become plastic. In this reason the material experiences permanent deformation and does not 
return to its original shape when the load is removed. 

9) Rigidity: It is also known as stiffness. It is the property of a material by virtue of which 
the material resists elastic or plastic deformation under applied loads. 

10) Machinability: It refers to the ease with which a material can be removed during various 
machining operations. It describes the property of a material when it is cut. Materials with 
good machinability require less power to cut, resulting in good surface finish and longer 
cutting tool life. 

11) Hardenability: It indicates the degree of hardness that a material can acquire through a 
hardening process. It is the capability of a material to get hardened by heat treatment. It 
determines the depth and distribution of hardness induced by quenching. 
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12) Resilience: It is the property of a material to absorb energy when it is deformed 
elastically and then, upon unloading, to have this energy recovered. In other words, it is the 
maximum energy per volume that can be elastically stored. 

13) Fatigue: It is the strength of the materials when subjected to cyclic or rapid fluctuating 
load conditions. Owing to fatigue a material fails at a stress level much below that under 
static loads. The maximum stress to which the material can be subjected without fatigue 
tailure is known as the endurance limit. 

14) Creep: It is the progressive deformation of a material under a constant static load 
maintained for a long period of time. It is a slow, temperature-aided, time dependent 
deformation. It occurs in three stages known as primary, secondary and tertiary stage. 


TY Iron -carbon phase diagram TC 
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10.2.1 Heat treatment process 

Heat treatment: The process of heat treatment is carried out first by heating the metal and 
then cooling it in the caustic soda solution, brine, water, oil or air. The purpose of heat 
treatment is to soften the metal, to change the grain size, to modify the structure of the 
material and to relieve the stresses set up in the material after hot or cold working. The 
various heat treatment processes are: 

1. Annealing: It is one of the most important process of heat treatment of steel. Following 
are four types of annealing: 

(a) Full annealing: The purpose of full annealing is to soften the metal, to refine the grain 
structure, to relieve the stresses and to remove trapped gases in the metal. The process 
consists of heating the steel 30°C-50°C above the upper critical temperature for hypo- 
eutectoid steel and by the same temperature above the lower critical temperature for hyper- 
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eutectoid steels. It is held at this temperature for sometimes and then cooled slowly in the 
furnace. 

(b)Process annealing: It is also known as low temperature annealing or sub-critical 
annealing. This process is used for relieving the internal stresses previously set up in the 
metal and for increasing the machinability of the steel. In this process, steel is heated to a 
temperature below or close to the lower critical temperature (generally 550°C-650°C), held at 
this temperature for sometimes and then cooled slowly. 

(c) Spheroidise annealing: It is usually applied to high carbon tool steels which are difficult 
to machine. The operation consists of heating the steel to a temperature slightly above the 
lower critical temperature (730°C-770°C). It is held at this temperature for sometimes and 
then cooled slowly to temperature of 600°C. The spheroidising improves the machinability of 
steels, but lowers the hardness and tensile strength. 

(d)Diffusion annealing: This process is mainly used for ingots and large castings. The 
process consists of heating the steel to a high temperature (1100°C-1200°C). It is held at this 
temperature for 8-20 hours and then cooled to 800°C-850°C inside the furnace for a period of 
about 6 to 8 hours. It is further cooled in the air to room temperature. 

2. Normalizing: The normalizing is done for the following purposes: 

(a) To refine the grain structure of the steel to improve machinability, tensile strength and 
structure of weld. 

(b) To remove strains caused by cold working processes. 

(c) To remove dislocations caused in the internal structure of the steel due to hot working. 

(d) To remove certain mechanical and electrical properties. 

The process of normalizing consists of heating the steel 30°C-50°C above its upper critical 
temperature for hypo-eutectoid steels or Acm line for hyper-eutectoid steels. It is held at this 
temperature for about fifteen minutes and then allowed to cool down in still air. The process 
of normalizing is frequently applied to castings and forgings etc. 

3. Hardening: The main objects of hardening are 

(a} To increase the hardness of the metal so that it can resist wear. 

(b) To enable it to cut other metals, i.e. to make it suitable for cutting tools. 

The process of hardening consists of heating the metal to a temperature of 30°C to 50°C 
above the upper critical point for hypo-eutectoid steels and by the same temperature above 
the lower critical temperature for hyper-eutectoid steels. It is held at this temperature for a 
considerable time and then quenched in a suitable cooling medium. 

4. Austempering: The austempering is misnomer because it is not a tempering process, but 
a hardening process. It is also known as isothermal quenching. In this process, the steel is 
heated above the upper critical temperature, at about 875°C where the structure consists 
entirely of austenite. It is then suddenly cooled by quenching it in a salt bath or lead bath 
maintained at a temperature of about 250°C to 525°C. 

5. Martempering: This process is also known as stepped quenching or interrupted 
quenching. It consists of heating steel above the upper critical point and then quenching it in 
a salt bath kept at a suitable temperature. 

6. Tempering: The tempering (also known as drawing) is done for the following reasons: 
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(a) To reduce brittleness of the hardened steel and thus to increase ductility. 

(b) To remove internal stresses caused by rapid cooling of steel. 

(c) To make steel tough to resist shock and fatigue. 

The tempering process consists of reheating the hardened steel to some temperature below 
the lower critical temperature, followed by any desired rate of cooling. 

7. Surface hardening or Case hardening: In many engineering applications, it is desirable 
that steel being used should have a hardened surface to resist wear and tear. At the same 
time, it should have soft and tough interior or core so that it is able to absorb any shocks etc. 
This type of treatment is applied to gears, ball bearings, railway wheels etc. The various 
surface or case hardening processes are as follows: 

(a) Carburizing; (b) Cyaniding; (c) Nitriding; (d) Induction hardening; and (e) Flame 
hardening. 


10.2.2 Welding 

The welding is a process of joining two similar or dissimilar metals by fusion, with or 
without the application of pressure and with or without the use of filler metal. 

Classification of welding: 

The welding is broadly divided into the following two groups: 

(1) Forge or pressure welding (under pressure without additional filler metal). 

(2)Fusion or non-pressure welding (with additional filler metal). 

Electric resistance welding: It is a type of pressure welding. It is used for joining pieces of 
sheet metal or wire. The welding heat is obtained at the location of the desired weld by the 
electrical resistance through the metal pieces to a relatively short duration, low voltage (from 
6 to 10 volts only) high amperage (varying from 60 to 4000 amperes) electric current. The 
amount of current can be regulated by changing the turns of the transformer. When the area 
to be welded is sufficiently heated, the pressure varying from 25 to 55 MPa is applied to the 
joining area by suitable electrodes until the weld is solid. The various types of electric 
resistance welding are as follows: 

1. Spot welding, 2. Roll spot and seam welding, 3. Projection welding, 4. Butt welding. 
Are Welding: The arc welding is a fusion welding process in which the welding heat is 
obtained from an electric arc struck between the work and an electrode. The temperature of 
heat produced by the electric arc is of the order of 6000°C to 7000°C. Both the direct current 
and alternating current may be used for arc welding, but the direct current is preferred for 
most purposes. When the work is connected to the positive terminal of a D.C. welding 
machine and the negative terminal to an electrode holder, the welding set up is said to have 
straight polarity. On the other hand, when work is connected to negative and electrode to a 
positive terminal, then the welding set up is said to have reversed polarity. The straight 
polarity is preferable for some welds while for other welds reversed polarity should be used. 
Following are the two types of arc welding depending upon the type of electrode: 

(a) Un-shielded are welding: When a large electrode or filler rod is used for welding, it is 
said to be un-shielded arc welding. 

(b)Shielded are welding: When the welding rods coated with fluxing material are used, then 
it is called shielded arc welding. 


Fundamentals of Mechanical Engineering 10-5 


Metallic inert-gas (MIG) arc welding: In MIG welding, the electrode is consumable. The 
filler metal is deposited by the arc which is completely surrounded by an inert gas. 

Tungsten inert-gas (TIG) are welding: In TIG welding, the heat is produced from an arc 
between the non-consumable tungsten electrode and the work piece. The welding zone is 
shielded by an atmosphere of inert gas supplied from a suitable source. The direct current 
with straight polarity is used for welding copper alloys and stainless steel, whereas the 
reversed polarity is used for magnesium. The alternating current is more versatile in welding 
for steel, cast iron, aluminium and magnesium. 


10.3 Different types of machining operation. 

Drilling: It is an operation of producing holes in metals or other materials. 

Turning: Turning is the removal of metal from the outer diameter of a rotating cylindrical 
workpiece. Turning is used to reduce the diameter of the workpiece, usually to a specified 
dimension, and to produce a smooth finish on the metal. 

Milling: Milling consists of machining metal by bringing it into contact with a rotating 
cutting tool having a number of cutting edges. 

Grinding: Grinding is an abrasive machining process that uses a grinding wheel as the 
cutting tool. . ~ 
Shaping: The machining of plane surfaces in a shaper. 


10.4 Gear 

A gear is arotating machine element having cut teeth which mesh with another toothed 
part, usually having teeth of similar size and shape, in order to transmit power. 

Gears are toothed members which transmit power / motion between two shafts by meshing 
without any slip. 

Pinion & Gear: The smaller of two mating gears is called the “pinion” and the larger is 
called the gear. 

Nomenclature 

This illustrates the terminology of a spur gear as the spur gear is very simple. 

Pitch circle: The theoretical circle upon which all gear calculations are based and its 
diameter is called the “pitch diameter”. 

Addendum “b”: The radial distance from the pitch circle to the top surface of the teeth. 
Dedendum “c”: The radial distance from the pitch circle to the bottom surface of the teeth. 
Clearance circle (or working depth circle): The circle tangent to the addendum circle of 
the mating gear. The radial distance between the addendum circle and the clearance circle is 
called the “working depth”. 

Clearance “d”: The distance between the tooth top surface and the bottom surface of a 
mating gear. 

Circular pitch “p”: The distance measured on the pitch circle from a point on one tooth to 
the corresponding point on an adjacent tooth. The circular pitch is equal to the sum of “tooth 
thickness” and “width of space”. The width of space is slightly larger than the tooth 
thickness such that mating teeth can engage easily without obstruction. 


‘ 
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Addendum 


Working, Whole 


(mating s d 
to this circle) 


Module “m”: Module is the ratio of pitch diameter to the number of teeth of a gear. 
Module m =d/N 

Circular pitch p= 1d/N 

Diametral pitch “P”: The ratio of the number of teeth of a gear to the pitch 
diameter (it is the inverse of the module and it is used with gears sized in inches; its 
unit is “teeth per inch” ). 

P =N/d=1/m or, p= 1/P 

Pressure Line: During the meshing of 

gears, the contact between a pair of gear)..." 
teeth occurs at a_ single instantaneous 
point. This point of contact (point c) occurs 
where the two surfaces are tangent to each 
other, and the forces will be directed 
along the common normal (line ab) 
which is also called the “Line of Action” 
or the “Pressure Line”. Rotation of the gears 
causes the location of the contact point 
(point c) to move across the respective tooth 
surfaces. For gear teeth having involute 
profiles, as the point of contact moves, it 
will move along the pressure line which 
remains at a constant angle. 

Pressure Angle: The angle between the 
pressure line and the pitch line is called the 
“Pressure Angle (@)”. 
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Law of Gearing (Conjugate Action): 

The law of gearing states that as the gears 
rotate, the common normal to the surfaces at 
the point of contact must always intersect 
the line of centers at the same point (P called 
the pitch point). 


eal 
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Gear Ratio 
The gear ratio “R” (also known as speed ratio) of a gear set is defined as the ratio of the 
angular velocity of the input gear (driver gear) relative to that of the output gear(driven 
gear).The gear ratio is simply equal to the ratio of the number of teeth (or pitch diameters) of 
the driven gear relative to driver gear: 

R= Ndriver _ Tdriven _ Ddriven 


Ndriven T driver Ddriver 


With this basic introduction let us move on to see the various types of gears available. The 
types of gears to be used are determined based on the application in which they are to be used 
in. The types of gears are 

1. Parallel Axis Gears: In this type of gearing, the axis of both the gears tends to be parallel 
to each other. The types of gears that come under this system of gears are: 

* Spur Gears 

* Helical Gears 

* Double Helical or Herringbone Gears 

Areas of application of Parallel Axis Gears: 

Some typical application areas of spur and helical are automobile, gearboxes, industrial 
gearboxes etc. 

Some of the application areas of Herringbone gears are in the gearboxes used for steel rolling 
mills ete. 

2. Perpendicular Axis Gears: In this type of gearing the axis of the gears tend to be 
perpendicular to each other. There are two types in this type of gearing too. They are 
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a) Non Intersecting Perpendicular Axis: In this type the two perpendicular axis of the 
gearing do not intersect each other. 

The two types of gearing that fall under this category are — 

Worm Gear and the hypoid gear. 

Some typical applications of worm gears are in the passenger lifts used in the buildings. 
Another typical application of the Hypoid gear is in the rear axle of the busses, lorries and 
heavy vehicles. 

b) Intersecting Perpendicular Axis Gears: In this type the perpendicular axis of the gears 
tend to intersect at a certain point. The types of Gears that fall under this are the — 

Straight Bevel Gears, Spiral Bevel Gears and Face Gears. Some typical applications of 
Straight bevel gear are the differential mechanism in the automobile. 


Gear 
| 
7 ——! as eee oh > 
v vv. 
Parallel Perpendicular 
Axis Gears Axis Gears 
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c)Double Helical 
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Intersecting 
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Straight Spiral Face 

BevelGear Bevel Gear Gear 


Spur gears: Supr gears have their teeth parallel to the axis and are used for transmitting 
power between two parallel shafts. They are simple in construction, easy to manufacture and 
cost less. They have highest efficiency and excellent precision rating. 

Application:They are used in high speed and high load application in all types of trainsand a 
wide range of velocity ratios. Hence, they find wide applications right from clocks, 
household gadgets, motor cycles, automobiles, and railways to aircrafts. 

Helical Gear: Helical gears are used for parallel shaft drives. Hence for the same width, their 
teeth are longer than spur gears and have higher load carrying capacity. Their contact ratio is 
higher than spur gears and they operate smoother and quieter than spur gears. Their precision 
rating is good. They are recommended for very high speeds and loads. 
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Application:These gears find wide applications in automotive gearboxes. Their efficiency is 
slightly lower than spur gears. The helix angle also introduces axial thrust on the shaft. 
Double Helical Gear or Herringbone Gear: 

Double helical or Herringbone gears used for transmitting power between two parallel shafts. 
They have opposing helical teeth with or without a gap depending on the manufacturing 
method adopted. Two axial thrusts oppose each other and nullify. Hence the shaft is free 
from any axial force. Though their load capacity is very high, manufacturing difficulty makes 
them costlier than single helical gear. 

Application: Their applications are limited to high capacity reduction drives like that of 
cement mills and crushers. 

Rack and Pinion 

Rack is a segment of a gear of infinite diameter. The tooth can be spur or helical. This type of 
gearing is used for converting rotary motion into translatory motion or vice versa. Typical 
example of rack and pinion applications are Lathe carriage drive mechanism and radial 
drilling machine spindle movement. 

Straight bevel gears: Straight bevel gears are used for transmitting power between 
intersecting shafts. They can operate under high speeds and high loads. Their precision rating 
is fair to good. They are suitable for 1:1 and higher velocity ratios and for right-angle meshes 
to any other angles. Their good choice is for right angle drive of particularly low ratios. 
However, complicated both form and fabrication limits achievement of precision. They 
should be located at one of the less critical meshes of the train. 

Application: Wide application of the straight bevel drives is in automotive differentials, 
right angle drives of blenders and conveyors. A typical application of straight bevel used in 
differential application is in differential of an automobile. 

Spiral bevel gears: Spiral bevel gears are also used for transmitting power between 
intersecting shafts. Because of the spiral tooth, the contact length is more and contact ratio is 
more. They operate smoother than straight bevel gears and have higher load capacity. But, 
their efficiency is slightly lower than straight bevel gear. Usage of spiral bevel gears ih an 
automobile differential 

Worm gear: Worm and worm gear pair consists of a worm, which is very similar to a screw 
and a worm gear. They are used in right-angle skew shafts. In these gears, the engagement 
occurs without any shock. The sliding action prevalent in the system while resulting in 
quieter operation produces considerable frictional heat. High reduction ratios 8 to 400 are 
possible. Efficiency of these gears is low anywhere from 90% to 40 %. Higher speed ratio 
gears are non-reversible. Their precision rating is fair to good. They need good lubrication 
for heat dissipation and for improving the efficiency. The drives are very compact. 
Application: Worm gearing finds wide application in material handling and transportation 
machinery, machine tools, automobiles etc. 
Hypoid Bevel Gear: These gears are also used for right angle drive in which the axes do not 
intersect. This permits the lowering of the pinion axis which is an added advantage in 
automobile in avoiding hump inside the automobile drive line power transmission. However, 
the non-inter section introduces a considerable amount of sliding and the drive requires good 
lubrication to reduce the friction and wear. Their efficiency is lower than other two types of 
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bevel gears. These gears are widely used in current day automobile drive line power 
transmission. 

Spur Gear 

Advantages 


e 
e 
e 


They offer constant velocity ratio 

Spur gears are highly reliable 

Spur gears are simplest, hence easiest to design and manufacture 

A spur gear is more efficient if you compare it with helical gear of same size 

Spur gear teeth are parallel to its axis. Hence, spur gear train does not produce axial 
thrust. So the gear shafts can be mounted easily using ball bearings. 

They can be used to transmit large amount of power (of the order of 50,000 kW) 


Disadvantages 


Spur gear are slow-speed gears 

Gear teeth experience a large amount of stress 

They cannot transfer power between non-parallel shafts 

They cannot be used for long distance power transmission. 

Spur gears produce a lot of noise when operating at high speeds. 

When compared with other types of gears, they are not as strong as them. 


Helical Gear 
Advantages 


The angled teeth engage more gradually than do spur gear teeth causing them to run more 
smoothly and quietly 

Helical gears are highly durable and are ideal for high load applications. 

At any given time their load is distributed over several teeth, resulting in less wear 

Can transmit motion and power between either parallel or right angle shafts 


Disadvantages 


An obvious disadvantage of the helical gears is a resultant thrust along the axis of the 
gear, which needs to be accommodated by appropriate thrust bearings, and a greater 
degree of sliding friction between the meshing teeth, often addressed with additives in the 
lubricant. Thus we can say that helical gears cause losses due to the unique geometry 
along the axis of the helical gear’s shaft. 

Efficiency of helical gear is less because helical gear trains have sliding contacts between 
the teeth which in turns produce axial thrust of gear shafts and generate more heat. So, 
more power loss and less efficiency 
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Spur gear 
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Bevel Gear 

Advantages 

e This gear makes it possible to change the operating angle. 

e Differing of the number of teeth (effectively diameter) on each wheel allows mechanical 
advantage to be changed. By increasing or decreasing the ratio of teeth between the drive 
and driven wheels one may change the ratio of rotations between the two, meaning that 
the rotational drive and torque of the second wheel can be changed in relation to the first, 
with speed increasing and torque decreasing, or speed decreasing and torque increasing. 

Disadvantages : 

¢ One wheel of such gear is designed to work with its complementary wheel and no other. 

¢ Must be precisely mounted. 

e The shafts' bearings must be capable of supporting significant forces. 

Worm Gear 

Advantages 

¢ Worm gear drives operate silently and smoothly. 

e They are self-locking. 

e They occupy less space. 

e« They have good meshing effectiveness. 

e They can be used for reducing speed and increasing torque. 

¢ High velocity ratio of the order of 100 can be obtained in a single step 


Disadvantages 

e Worm gear materials are expensive. 

e Worm drives have high power losses 

¢ A disadvantage is the potential for considerable sliding action, leading to low efficiency 
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They produce a lot of heat. 


Rack and Pinion 
Advantages 


Cheap 

Compact 

Robust 

Easiest way to convert rotation motion into linear motion 

Rack and pinion gives easier and more compact control over the vehicle 


Disadvantages 


Since being the most ancient, the wheel is also the most convenient and somewhat more 
extensive in terms of energy too. Due to the apparent friction, you would already have 


’ guessed just how much of the power being input gives in terms of output, a lot of the 


force applied to the mechanism is burned up in overcoming friction, to be more precise 
somewhat around 80% of the overall force is burned to overcome one. 

The rack and pinion can only work with certain levels of friction. Too high a friction and 
the mechanism will be subject to wear more than usual and will require more force to 
operate. 

The most adverse disadvantage of rack and pinion would also be due to the inherent 
friction, the same force that actually makes things work in the mechanism. Due to the 
friction, it is under a constant wear, possibly needing replacement after a certain time. 


The geometry of a standard spur gear is defined by four parameters; module (or diametral 
pitch), pressure angle, number of teeth, and face width. A standard ISO spur gear having a 
module of 4 mm, 25 teeth, 20° pressure angle, and 30 mm face width is designated as: 

ISO- Spur gear 4M 25T 20PA 30FW. 


10.5 Operations by different types of machine tool: , 


Drilling machine: 


a. Counter boring 
b. Counter sinking 
c. Spot facing 


Lathe machine: 


a. Turning 
b. Boring 

c. Tapping 
d. Facing 

e. Knurling 
f. Shaping 


Grinding machine: 


a. Surface finishing 
b. Facing 
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c. Cylindrical grinding 

d. High efficiency deep grinding (HEDG) 
Milling machine: 

a. Machining of curved, flat, circular surfaces. 
Broaching machine: Broaching is machining process that pushes or pulls cutting tool (called 
a broach) over or through the surface being machined. A broach is a series of single-point 
tools arranged successively in the axial direction along a tool body or holder. 

a. Straddle broaching 

b. Slot broaching 

c. Internal broaching 
Industries that utilize broaching: 

e Aerospace 

Automotive 
Appliance 
Firearms 
Locks 
Defense 
Mining Equipment 
Medical 


10.5.1 Drilling machine operations 


Reaming: To finish a hole to size with a 
reamer. 

Boring: The operation of enlarging an 
existing hole in a work piece to produce a 


better finish and size. Drilling -Reaming 


Counter boring: The operation of : 
enlarging a portion of a hole for part of its 

depth and to a given diameter. 
Counter sinking: The operation of 


enlarging the top portion of a hole to a 
conical shape. Example: The head of a 
flathead screw. 

Tapping: The operation of producing 
threads in holes using taps as the cutting 
tools. May be done by hand or machine. 


Countersinking 


10.6.1 Main parts of Drill machine, lathe machine and milling machine. 

_ Lathe Machine: A lathe is a device in which one object which is in rotatory motion is 
machined when a cutting tool is feed to it in an axis parallel to its axis of rotation. 

Main Parts: 
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a) Bed b) Head-stoke c) Tail-stoke d) Carriage e) feed mechanism and f) thread-cutting 
mechanism. 

Drill Machine: A drilling machine is a tool used for drilling holes in various types of wood, 
plastic and metal. 

Main Parts: 

a) Base b) Column c) Table and d) Head 

Milling machine: A milling machine is one that is designed to remove metal or other 
material from a piece of work with a revolving cutter as the work is fed against it. 

Main Parts: 

e Base b) Column c) Knee d) Table e) Spindle and f) Overarm 


10.6.2 Drill sleeve and drill socket 

Drill sleeve: A drill sleeve is used when the taper shank on a drill is smaller than the taper 
hole in the spindle. 

Drill socket: A drill socket is used when the taper shank of a drill is larger than the taper hole 
in the spindle. 


DRILL SLEEVE DRILL SOCKET 


10.6.3 Tap and Die 

Tap: A harden and tempered steel tool for cutting internal threads which has flutes 
lengthwise to provide cutting edges for the threads and a square at the end of the shank for 
turning the tap with a wrench. 

Die: The name of a tool used to cut screw threads on the outside of a cylinder. 


a 


10.7 Homogenous and isotropic material 

Homogenous: A homogeneous material means a material which has uniform composition 
and uniform properties throughout. Metals, alloys, ceramics are examples of homogeneous 
materials. Air, salt solution etc. are examples of homogeneous mixtures. In addition, an alloy 
is a solid solution, which is a homogeneous solid mixture of two metals. 

Isotropic: Isotropic means that the properties of materials are the same in all directions. In 
processes, the rate of process is the same in all directions. 

Difference between Homogeneous and Isotropic: 

* Homogeneous is uniformity throughout and isotropic means uniformity of properties in all 
directions. 

* Isotropy is based on the direction of properties; but homogeneity does not depend on the 
direction. 

MS (Mild Steel)- Iron-carbon alloy is containing less than 0.25 percent carbon which makes 
it more ductile and less hard thus rendering it unsuitable for structural work. 
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Stress-strain diagram for mild steel. 


CS (Carbon Steel)- One of several types of iron (such as gray iron and white iron) 
containing 1.8 to 4.5 percent carbon by weight whereas carbon steel contains less than 0.5 
percent. The additional carbon makes the molten iron more fluid and easier to cast in 
complex shapes. Highly suitable for casting large and heavy objects (such as engine blocks) 
it has high compression strength but low ductility. 

HCS (High Carbon Steel)- One of several types of iron (such as gray iron and white iron) 
containing 1.8 to 4.5 percent carbon by weight whereas carbon steel contains less than 0.5 
percent. The additional carbon makes the molten iron more fluid and easier to cast in 
complex shapes. Highly suitable for casting large and heavy objects (such as engine blocks) 
it has high compression strength but low ductility. 

HSS (High Speed Steel)- Low (generally 0.3 to 0.7 percent) carbon steels that remain hard 
at dull-red heat generated in machining operations. They typically contain 5S percent 
chromium and 10 to 20 percent tungsten, and may also contain small amounts of cobalt 
and/or vanadium. Used mainly for dies, drill bits, reamers, saw blades, and taps. 

GI- Galvanized Iron that is coated with zinc to protect it from rust. 
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Comparative Stress/Strain Diagram 
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10.8 Bearing: Any bearing can be simply defined as a support or guide which at the same 
time allows relative movement to take place between two bodies. 


e A bearing is a component used to reduce friction in a machine. 
e Carry load in one or several directions while allowing frictionless motion in other 
directions. 
Classification of Bearings ; 
e According to rolling elements: Ball and Roller bearings 
e According to the direction of load: Radial and Thrust bearings 
Combines loads 


Radial Lcad 


th 


e According to contact: Rolling contact and Journal (sleeve) bearings 
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e Another class is: Antifriction (Ball and roller) and Journal Bearing 

Rolling contact bearing 

Rolling contact bearings are also called anti-friction bearing due to its law friction 
characteristics. These bearings are used for radial load, thrust load and combination of thrust 
and radial load. These bearings are extensively used due to its relatively lower price, being 
almost maintenance free and for its operational ease. However, friction increases at high 
speeds for rolling contact bearings and it may be noisy while running. These bearings are of 
two types, 

(a) Ball bearing 

(b) Roller bearing 

The disadvantage of the ball and roller bearings are high cost, they cannot be used in half, 
and greater noise. 

Ball Bearing: Ball bearing is normally known as anti-friction bearing. A number of steel 
balls are held between an inner race, or bearing surface and an outer race. A retainer ring 
keeps the balls spaced equally between the races. These types of bearings are used in these 
machineries where loads are not too heavy. 

Ball bearings are extremely common because they can handle both radial and thrust loads, 
but can only handle a small amount of weight. 

Types of ball bearing: 

e Deep groove ball bearing 

e¢ Double deep groove bearing 

e Angular contact ball bearing 

e Thrust bearing . 

Roller bearing: Roller bearing has higher load capacity than ball bearings, load is 
transmitted through line contact instead of point contact. 


Types of roller bearing 

Roller Thrust Bearings 

Roller Thrust Bearings are used to support thrust loads in car transmission between gears, in 
between housing and the rotating shafts, etc. 

Tapered Roller Bearings 

Tapered roller bearings are used in car hubs, where they are usually mounted in pairs facing 
opposite directions so that they can handle thrust in both directions. 

Spherical bearings 

This type of bearing consists of spherical outer race with two tracks, a cage, and a 
complement of spherical shaped rollers. 
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Needle roller bearing 
e Needle roller bearings use needle rollers as rolling elements. 
e The needle rollers are a maximum of 5mm in diameter and are 3 to 10 times as long as 
they are in diameter. ; 
They have a high load capacity for their size. Because of the large number of rolling 
elements, the bearings have high rigidity and are ideally suited to wobbling or pivoting 
motion. 
Journal bearing: 
e It is simply a block of cast iron with a hole for the shaft providing running fit. An oil hole 
is drilled at the top for lubrication. 
e The main disadvantage of this type of bearing are 
e There is no provision for wear and adjustment on account of wear. 
e The shaft must be passed into the bearing axially, i.e. endwise. 
e Limited load on shaft and speed of shaft is low. 
It is also known as sleeve bearing. In this bearing load is transferred through a lubricant in 
sliding contact. 
Journal bearings are of two types 
a) Hydrodynamic bearing 
b) Hydrostatic bearing: Hydrostatic lubrication bearings requiring lubricants that elevates 
the rotating shaft by providing the pressurized lubricant from outside. 
Antifriction Bearing 
The types of antifriction bearing (axial ball, roller and thrust bearings) are group by the shape 
of the rolling element and they are- 
Ball bearings 
Cylindrical roller bearings 
Tapered roller bearings, and 
Needle roller bearings. 


Mathematical Problems 


1. Show that the product of diametral pitch and module is equal toz. 
Solution: We know, Diametral Pitch, Pg= T/D 

And Circular pitch, P= 1D/T 

“ PgxP.= T/D X mD/T = tt (Shown) 
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2. Draw a single point cutting tool. 
Lathe tool ( single point cutting tool) 


Tool Bit Geometry 
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3. Draw a twist drill bit. 
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11.1.1 Automobile 

The automobile is a self-propelled vehicle that travels on land. It usually has four wheels. An 
engine provides the power to the vehicle. The automobile, or car, carries people primarily for 
their personal transportation. 

11.1.2 Basic parts and systems 

Basic parts or major components include, 

1) An engine, or power plant, that produce power to move the vehicle. 

2) A power train, to carry the power from the engine to the drive wheels. 

3) A suspension system that absorbs the shock of the tires and wheels meeting bumps and 
holes in the road. 

4) A steering system, so the driver can control the direction of vehicle travel. 

5) A braking system. So the driver can slow and stop the vehicle. 

6) An electrical system, to provide electricity for cranking the engine, charging the battery, 
and powering the lights and other electrical equipment. 

7) A body, that provides enclosures or compartments for the engine passengers, and luggage 
or cargo. 

11.1.3 Basic engine systems: 

1) Fuel system. 

2) Electric ignition system (except diesel). 

3) Lubrication system. 

4) Cooling system. 


11.2 Valves 

The intake valve is usually larger than the exhaust valve. 
The reason is that when the intake valve is open, the only 
force moving air-fuel mixture into the cylinder id 
atmospheric pressure. When exhaust valve opens on the 
exhaust stroke, there is still high pressure in the engine 
cylinder. 
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11.3 Exhaust system 


71 SAEESEREATPEIOAS | 
ooo WTS ETT ERP ET STS WAEEEEELEESELESL CECECEES 
BREELIEL o . 
ELECCC AEA REGEELELAG) Intermediate 
FISTEELER LL 1 OPE ELTT RIE 5 
RASUYS UREA oe oy errg Cc 1 Pipe 
FotOt ES. < 
i atalytic Resonator 
Engine C ee 
Exhaust Pi onverter 
‘ipe 


Manifold Connecting 


Axle Pipe 


° 
auome 
one 


FPMEOEROEEIFAEEEROGINE: 
roe etee Mate 


sa eeeee 


SURES DREN SRE ECL HED EERO OF 


11.4 Basic turbocharger operation: 
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11.5 Gasoline fuel injection system 
There are two types of gasoline fuel-injection systems. 
|) Port fuel injection (PFD which has an injection valve or fuel injector in each intake port. 


2) Throttle-body fuel injection (TBI) in which one or two fuel injectors are located above the 
throttle valves. 


11.6.1 Properties of lubricating oil: 

|) Proper viscosity. 

2) Viscosity index. 

3) Viscosity numbers. 

+) Multiple-viscosity oil. 

5) Resistance to carbon formation and oil oxidation. 
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6) Corrosion and rust inhibitors. 

7) Forming resistance. 

8) Detergent-dispersants. 

9) Extreme pressure resistance. 

10) Energy conserving oil. 

11) Synthetic oil. 

11.6.2 Explanation of the American Petroleum Institute (API) symbol used on oil Cans 
or containers 


API service category for gasoline engines: SG is for oils that meet warranty requirements 
effective with the 1989 model year. 

CF/CD/CE 

CD means the oil is suitable for certain naturally aspirated, turbocharged or supercharged 
engines. 

CE means the oil is suitable for certain heavy duty turbocharged or supercharged engines. 

CF means the oil is for use in high speed, four stroke cycle engines. 

SAE Viscosity ratings- This rating reflects the oil’s ability to flow at various temperature. 
Multi-grade oil (SW-30)- The W means it will perform well in winter conditions. The lower 
the first number (“5”), the better the ability to flow in extremely cold weather and the easier 
the engine will crank and start. 

The second number (“30”) in a multi-grade rating indicates the suitability for hot-weather 
service. The higher the number, the hotter the weather it can handle. 

Energy Conserving oils reduce power losses from internal friction. This means that more 
power gets through to the drive wheels, resulting in better fuel mileage. 

11.7 Five basic parts of cooling system 

1) Water jacket. 

2) Water pump. 
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3) Thermostat. 

4) Radiator. 

5) Fan 

11.8 Automotive emission controls 

1) Positive crankcase ventilation (PCV). 

2) Evaporative emission control. 

3) Exhaust emission control. 

11.9 Functions of the clutch 

1) It can be disengaged (clutch pedal down). This allows engine cranking and permits the 
engine to run freely without delivering power to the transmission. 

2) While disengaged (clutch pedal down), it permits the driver to shift the transmission into 
various gears. This allows the driver to select the proper gear (first, second, third, fourth, 
fifth, reverse or neutral) for the operating condition. 

3) While engaging (clutch pedal moving up), the clutch slips momentarily. This provides 
smooth engagement and lessens the shock on gears, shafts and other drive-train parts. As the 
engine develops enough torque to develop the inertia of the vehicle, the drive wheel turns, 
and the vehicle begins to move. 

4) When engaged (clutch pedal up), the clutch transmits power from the engine to the 
transmission. All slipping has stopped. 

11.10 Purpose of the suspension system 

1) Support the weight of the vehicle. 

2) Cushion bumps and holes in the road. 

3) Maintain traction between the tires and the road. 

4) Hold the wheels in alignment. 

11.10.1 Types of automotive springs: 

1) Coil spring. 

2) Leaf spring. 

3) Torsion bar. 

4) Air spring. 

11.11.1 Camber 

Camber is the inward or outward tilt of a wheel from the vertical when viewed from the front 
of the vehicle. A wheel that tilts out at the top has positive (+) camber. If it tilts in, it has 
negative (—) camber. The amount of tilt or camber angle is measured in degrees. 

11.11.2 Caster 

Caster is the tilt of the steering axis toward the front or rear of the vehicle. If the tilt is toward 
the front, the wheel has negative (—) caster. A rearward tilt provides positive (+) caster. 
Caster is measured in degrees. 
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11.12.1 Brake fluid 

Brake fluid is a chemically-inert hydraulic fluid used to transmit force and motion. It also 
lubricates the positions in the master cylinder, wheel cylinders, and calipers. There are three 
types of brake fluid. These are classified by the Department of Transportation (DOT) as DOT 
3, DOT 4 and DOT 5S. This classification must appear on the brake-fluid container. 

11.12.2 Purpose of antilock braking 

Tires skid when they slow or decelerate faster than the vehicle. One way to prevent skidding 
is to keep the brakes from locking. This is the purpose of antilock braking system (ABS). 
11.13 Tire size and sidewall marking 

Meaning of tire size is P205/60HR15: 

P205 means passenger type tire having section width of 205 mm. 

60 is the aspect ratio (sectional height / sectional width) 

H is the speed rating (maximum 210 km/h) 

15 is the diameter of the wheel in inches. 

11.13.1 Toe: Toe is the measurement of how much the wheels point in or out from the 
straight-ahead position. 
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12.1 IC engine abbreviations 

DOHC (Double overhead camshaft): 

A typical DOHC engine has two camshafts and 4 valves per cylinder. One camshaft operates 
intake valves that are installed on one side; while another camshaft controls exhaust valves 
on the opposite side. Most modern cars have DOHC engines. 

SOHC (Single overhead camshaft): 

The camshaft is installed in the cylinder head and valves are operated either by the rocker 
arms or directly through the lifters. 

HCCI (Homogeneous charge compression ignition): 

Homogeneous charge compression ignition (HCCI) is a form of internal combustion in 
which well-mixed fuel and oxidizer (typically air) are compressed to the point of auto- 
ignition. 

ABS (Anti-lock braking system): 

(ABS) is an automobile safety system that allows the wheels on a motor vehicle to maintain 
tractive contact with the road surface according to driver inputs while braking, preventing the 
wheels from locking up (ceasing rotation) and avoiding uncontrolled skidding. 

VTEC (Variable valve timing and lift electronic control): 

VTEC is a system developed by Honda to improve the volumetric efficiency of a four-stroke 
internal combustion engine. The VTEC system uses two camshaft profiles and hydraulically 
selects between profiles. 

VVT-I (Variable valve timing with intelligence): 

VVT-I is an automobile variable valve timing technology developed by Toyota. It varies the 
timing of the intake valves by adjusting the relationship between the camshaft drive (belt or 
chain) and intake camshaft. 

ACT (Air charge temperature): An air charge temperature sensor is a device inside the 
engine that monitors the temperature of the air going into the engine. 

MFI: A mechanical fuel injection system from Hilborn includes the manifold, nozzles, barrel 
valve, and hoses. The main jet, housed in the primary bypass valve, is also included along 
with 2 additional jets, or pills. To complete the system, it needs ram tubes, fuel pump, fuel 
filter, fuel shutoff valve and, possibly, a hi-speed bypass valve. If Hilborn cannot supply a 
fuel pump drive, you will need to fashion a drive for the pump to run at 1/2 crankshaft speed. 

There are 4 main parts to a mechanical system: 

1. Fuel Pump 

2. Fuel Nozzles 

3. Main Jet (or pill) 

4. Barrel Valve 

CFI (Continuous fuel injection): In a continuous injection system, fuel flows at all times 
from the fuel injectors, but at a variable flow rate. This is in contrast to most fuel injection 
systems, which provide fuel during short pulses of varying duration, with a constant rate of 
flow during each pulse. Continuous injection systems can be multi-point or single-point, but 
not direct. 
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DGI (Direct gasoline injection): In a direct injection engine, fuel is injected into the 
combustion chamber as opposed to injection before the intake valve (petrol engine) or a 
separate pre-combustion chamber (diesel engine). . 

PFI (Port fuel injection): Port Fuel Injection (PFI) is the world's most widely used system 
for internal combustion engines and offers many advantages for engines with a low pressure 
output. 

ECM (Electronic Control module): Electronic control module is the computer responsible 
for providing fuel to the engine and controlling the quality of engine’s emissions. The ECM 
uses a microprocessor and software to analyze and respond to the input values from an array 
of sensors. : 

EEC (Electronic engine control): An Electronic Engine Control] System regulates the 
functions of the injection system in such a way that the engine provides the demanded engine 
torque. The injection parameters are constantly matched to the engine and the flight situation. 
Engines with an electronically controlled diesel or gasoline system with minimum fuel 
consumption and emissions. 

EFI (Electronic fuel injection): The Electronic Fuel Injection system fitted to most modern 
vehicles combines sophisticated computer controls with a high pressure fuel delivery system 
to provide optimum power and fuel efficiency. 

EMI (Electromagnetic interference): Electromagnetic interference (EMI), also called 
radio-frequency interference (RFI) when in the radio frequency spectrum, is a disturbance 
generated by an external source that affects an electrical circuit by electromagnetic induction, 
electrostatic coupling, or conduction. 

HCM (Heater control module): It is a computer that controls and automates the operation of 
the heating, ventilation, and air conditioning systems (HVAC) 

GPS (Global positioning system): The Global Positioning System is a global navigation 
satellite system that provides location and time information in all weather conditions, 
anywhere on or near the Earth where there is an unobstructed line of sight to four or more 
GPS satellites. ‘ 
VECI (Vehicle emission control information): Each vehicle has a VECI decal containing 
emission control information that applies specifically to the vehicle and engine. 
Manufacturers must use a standardized system for identifying their individual engine 
families. 

ASHRAE (American Society of Heating, Refrigerating and Air-Conditioning 
Engineers): Founded in 1894, it is a global society advancing human well-being through 
sustainable technology for the built environment. 

ASTM (American Society for Testing and Materials): It is an international standards 
organization that develops and publishes voluntary consensus technical standards for a wide 
range of materials, products, systems, and services. 

SAPTA (South Asian Preferential Trade Agreement) 

VSAT (very small aperture terminal): is a two-way satellite ground station with a dish 
antenna that is smaller than 3 meters. The majority of VSAT antennas range from 75 cm to 
1.2m, 
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Write the factors should be taken in consideration while choosing the location of a | 
nuclear power plant. 

Ans: The factors should be taken in consideration while choosing the location of a nuclear 
power plant are as follows: 


1. Some differences are 


Availability of water: The location of the plant should be nearer to river, reservoir or 
sea. 

2. Distance from load center: The plant should be located near the load center which 
will minimize the power losses in transmission lines. 

3. Distance from populated area: The plant should be located far away from populated 
area to avoid the radioactive hazard. 

4. Accessibility to site: The plant should be rail and road transportation facilities. 

5. Waste disposal: There should be sufficient space near the plant site for the disposal of 
radioactive wastes. 

6. Safe guard against earthquakes: The Safe Shutdown Earthquake Ground Motion for 
the site is characterized by both horizontal and vertical free-field ground motion 
response spectra at the free ground surface. Uncertainties are inherent in such 
estimates. These uncertainties must be addressed through an appropriate analysis, 
such as a probabilistic seismic hazard analysis or suitable sensitivity analyses. 

given below 

The working fluid first flowing through a) The working fluid first flowing through 

the nozzle and then through the moving guide vane and then through the moving 

vane. blade. 

b) The working fluid impinges on the b) The working fluid impinges on the moving 
moving blade with kinetic energy. blade with kinetic energy as well as 

c) It may or may not be admitted over the pressure energy. 
whole circumference. c) It must be admitted over the whole 

d) The pressure of working fluid is reduced circumference. ‘ 
while passing through the nozzle and d) The pressure of working fluid is reduced in 
remains constant while passing through fixed blades as well as moving blades. 

_ moving blade. e) The velocity of working fluid is increased 
e) The velocity of working fluid is increased in fixed blade and reduced in moving 
while passing through the nozzle and blades. 
reduced while passing through the f) Used for low head of water.( Om-250m) 
moving blades. Kaplan (0-25m) and Francis (25m-250m) 
Used for high head of water.(250m- 
450m) 

Pelton turbine 


The discharge is continuous and smooth. The discharge is fluctuating and pulsating. 
b) It can handle large quantity of liquid. It can handle small quantity of liquid. 

c) It is used for large discharge through It is used for small discharge through large 
small head. head. 

Runs at high speed. Runs at low speed. 

Efficiency is high. Efficiency is low. 


f) Need smaller area and installation cost is 
low. 
Low maintenance cost. 
Used for lifting low viscous fluid. 
Cost of centrifugal pump is less as 
compared to reciprocating pump. 
Q= mDbV; Where, D- dia of impeller at 
inlet, b-width of impeller at inlet, V;- 
Velocity of flow at inlet. P=>wQH,/1] W- 
Sp. wt. of water in (KN/m*), H,= 
Manometric head in (m), N- overall 
efficiency of the pump. 


Super Charger compressor is driven by 
the engine power. 

As the running power comes from engine 
power so it is less efficient. 

For faster speed but not for fuel economy 
supercharger is used. 

Easier to control. 

As it is driven by engine power so after 
starting the engine it also starts. 

More space is required. 


The water circulates inside the tubes 

which are surrounded by hot gases from 
the furnace. 

b) It generates steam at a highest pressure 
upto 165bar. 

c) The rate of generation of steam is high i.e. 
upto 450 tonnes per hour. 

d) Fora given power, the floor area required 
for the generation steam is less, i.e. about 
5 m’ per tonne per hour of steam 
generation. 

e) Overall efficiency will economizer is upto 
90%. 

f) It can be transported and erected easily as 
its various parts can be separated. 

g) Itis preferred for widely fluctuating 
loads. 

h) The direction of water circulation is well 

defined. 

The operating 
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Installation cost high and need large area. 
High maintenance cost. 

It can be used for lifting highly viscous 
fluid. 

Cost of reciprocating pump is high 
compared to centrifugal pump. 

Q= LAN/60 Where, L- length of stroke in 
meter, A=cross-sectional area at piston, N- 
Speed of the crank. P= wQ(H,+Ha) 


Turbo charger is driven by the energy from 
engine exhaust gases. 

As the running power comes from engine 
exhaust so it is more efficient. 

For better fuel economy turbo charger is 
used. 

Difficult to control. 

But for starting the turbo charger it has a 
little bit delay, it is called turbo lag. 

Less space is required. 


a) The hot gases from the furnace pass 
through the tubes which are surrounded by 
water. 

b) It can generate steam only upto 24.5 bar! 

c) The rate of generation of steam is high i.e. 
upto 9 tonnes per hour. 

d) Fora given power, the floor area required 
for the generation steam is less, i.e. about 
8 m’per tonne per hour of steam 
generation. 

e) Overall efficiency will economizer is upto 
75%. 

f) The transportation and erection is difficult. 

g) It can also cope reasonably with sudden 
increase in load but for a shorter period. 

h) The water does not circulate in a definite 
direction. 

i) The operating cost is less. 

j) The bursting changes are less. 

The bursting produces greater risk to the 
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The bursting changes are more. 
The bursting does not produce any 
destruction to the whole boiler. 

It is used for lar 


Petrol Engine 


A petrol engine draws a mixture of petrol and 
air during suction stroke. 

The carburetor is employed to mix air and 
petrol in the required proportion and to supply 
it to the engine during suction stroke. 

Pressure at the end of compression is about 10 
bar. 

The charge (i.e. petrol and air mixture) is 
ignited with the help of spark plug. 

The combustion of fuel takes place 
approximately at constant volume. In other 
words, it works on Otto cycle. 

A petrol engine has compression ratio 
approximately from 6 to 10. 

The starting is easy due to low compression 
ratio. 

As the compression ratio is low, the petrol 
engines are lighter and cheaper. 

The running cost of a petrol engine is high 
because of the higher cost of petrol. 

The maintenance cost is less. 


damage of the property. 
It is not suitable for large power plants. 


Diesel Engine 
A diesel engine draws only air during suction 
stroke. 
The injector or atomizer is employed to inject 
the fuel at the end of compression. 
Pressure at the end of compression is about 35 
bar. : 
The fuel is injected in the form of fine spray. 
The temperature of the compressed air (about 
600°C at the pressure of about 35 bar) is 
sufficiently high to ignite the fuel. 
The combustion of fuel takes place 
approximately at constant pressure. In other 
words, it works on Diesel cycle. 
A diesel engine has compression ratio 
approximately from 15 to 25. 
The starting is difficult due to high 
compression ratio. 


h) As the compression ratio is higher, the diesel 


engines are heavier and costlier. 


i) The running cost of a diesel engine is low 


because of the lower cost of diesel. 


The thermal efficiency is upto about 26%. 
Overheating trouble is more due to low 
thermal efficiency. 

These are high speed engines. 

The petrol engines are generally employed in 
light duty vehicles such as__ scoters, 
motorcycles, cars. They are also used in aero 
planes. 


J) The maintenance cost is more. 

k) The thermal efficiency is upto about 40%. 

1) Overheating trouble is more due to high thermal 
efficiency. 

m) These are relatively low speed engines. 

n) The diesel engines are generally employed in 
heavy duty vehicles such as buses, trucks and 
earth moving machines. 


Vapor Absorption RS 


a) In vapor absorption refrigerating system 
the vapor is drawn from the evaporator by 
absorption into liquid having high affinity 
for the refrigerant. 

b) Instead of the compressor the system 

contains absorber, pump, and generator 

due to increase the pressure. 

It is subjected to little wear due to only 


Vapor Compression RS 

a) In vapor compression refrigerating system 
the vapor is withdrawn by a compressor 
from the evaporator. 

b) The system contains compressor due to 
increase the pressure. 

c) This system has more wear, tear and noise 
due to moving parts of the compressor. 

d) The capacity of this system drops rapidly 

with lowered evaporator pressure. 
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The system can operate at reduced 
evaporator pressure and temperature with 
a little decrease in capacity. 

e) The load variation does not affect the 
performance of a vapor absorption 


e) The performance of a vapor compression 
system at partial loads is poor. 
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Fuel injector 
Fuel injector working mechanism involves the fuel 
is sucked out of a supply container through a small 
opening while whereas in electric control fuel 
injection, the air fuel mixture is prepared after 
electronic devices have made all calculation 
according to engine requirement 
Due to fuel injector, fuel consumption can be 
optimized to suit the performance of the engine in 
fuel injectors, which increasing the efficiency and 
reducing the emissions. 
Construction of fuel injector consist of following 
things O-ring, filter, Electrical connector, 
Electrical Coil, Magnet, spring, O-ring, Valve and 
Pintle Cap. 


Carburetor 

Carburetor working mechanism involves 
the Venture effect taking place in a narrow 
section called throat of carburetor, where 
increase in the air speed result in a drop of 
pressure in the air flow. 


Carburetor fuel consumption cannot be 
optimized because of its working 
phenomena 


Carburetor an air inlet through an air filter, 
after that there is chock valve and after 
passing it air pass through a throat in which 
it mix with fuel and then there is a throttle 
valve after which air fuel mixture pass into 
engine. 


Carburetor is a pure mechanical device. 


Sensible Heat Latent Heat 


1. When a substance is heated a net| 1. The heat which brings about a change of state 
temperature rises as the heat is added with no change in temperature is called latent 
or when heat is removed from a heat. 
substance and the temperature falls as | 2. Latent heat does not affect the temperature. 
the heat is removed, the increase in | 3. It occurs at the time of changing the phase of a 
heat or subtracted heat is called substance. 

sensible heat. For refrigeration, __latent___capacit 


Fuel injector could be pure mechanical or 
electrical device. 


is 
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Sensible heat affect the 
temperature. 

3. It occurs within only single phase of a 
substance. 

4. For refrigeration, sensible capacity is 
the capacity required to lower 


the temperature. 


must the capacity to remove the moisture from the 


ar. 


Latent Heat 


condensation 


vaporization 


freezin: 


melting 


solidJliquid 
= [Ear] 
st added 


Synchronous Motor (S. 
Operating speed is constant. . Operating speed is variable. 
Synchronous motors are not self- 2. Induction motors (3phase) are self-starting. 
starting. . I.M operates with load having only lagging 
S.M. operates with load having lagging, power factor. 
leading & unity power factor. . No dc excitation is required. 
An additional dc excitation is required. 


AC motors are alternating current motors. 

2. AC motor receives power by induction. 

3. Here armature is stationary and field system 
is rotating. 

4. Ac motor requires effective starting 

equipment. 

It requires no brush and commutator. (1.M) 


DC motors are direct current motors. 

2. DC motor receives power by 
conduction. 

3. Here armature is rotating part and field 

system is stationary. 

Dc motors are self-starting. 

It requires brush and commutator. 


Generates constant E.M.F. i . Generates alternating E.M.F. at its terminals. 
terminals. . In alternators, the armature is stationary and 


In de generators, the armature rotates the field system is rotating. 

and the field system is stationary. . Alternators conserve energy by using only 
DC generator uses all the energy that is the energy that is needed. 

produced. 
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13.1 Ohm’s Law: 

Ohm’s law states that ‘the voltage V across a resistorR is directly proportional to the current 
I flowing through the resistor.’ i.c.. V«xi or V=ki. Ohm defined this constant of 
proportionality to be the resistanceR and, therefore, V= iR . 

Nodes, branches and loops: 

A branch may contain one or more elements through which same current flows. A 
branch may include an active source also. A node is the point of connection between 2 or 
more branches. 

A loop is any closed path in a circuit. A loop is a closed path formed by starting at a node, 
passing through a set of nodes, and returning to the starting node, without passing 
through any node more than once. 


13.2 Kirchhoff’s laws 

1.Kirchhoff’s Current Law (KCL): 

Kirchhoff’s current law (KCL) states that ‘the algebraic sum of currents entering a node is 
zero.’ In other words, the sum of the currents entering a node is equal to the sum of currents 
leaving the node. 

Mathematically, KCL implies that,¢N_,i, = 0, where N is the number of branches 
connected to the node andi,is the nth current entering or leaving the node. 
2.Kirchhoff’s Voltage Law (KVL): 

Kirchhoff’s voltage law (KVL) states that ‘the algebraic sum of all voltages around a closed 
path (or loop) is zero.’ In another way this may be interpreted as sum of voltage drops is 
equal to the sum of voltage rises. 

Mathematically, KVL implies that, )M_,V,, = 0, where M is the number of voltages in the 
loop and V,, is the mth voltage. 


13.3.1 Equivalent Resistor for Series Circuit: 
The equivalent resistance of any number R, R; 
of resistors connected in series is the sum 
of the individual resistances. 


So, 
Ry = Reg = Ry + Ro + °°... +Rya 
Figure: Two resistors are in series connection. 
Voltage Divider Rule: 
“Total voltage in a group of series resistors is divided in direct proportion of their values.” 


From figure 2.1 va=5 < : 
1 2 
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Similarly, V, = aii In general, V, = eV 
13.3.2 Equivalent Resistor forParallel Circuit: 
The equivalent resistance of two parallel resistors i 
is equal to the product of their resistances divided i 
by their sum. For any‘n’ number of resistances V 
1 1 1 1 1 - R, 
R, R, R, Rs) TR, & 


Figure: Two resistors are in parallel. 


13.3.3 Current Divider Rule: 
“Total current in a group of parallel resistors is divided in inverse proportion of their values.’ 


> 


— —R2 
From figure 2.2 = Rak, 
it — Ri _ Rp 
Similarly, I, = RitRe In general, I, = R,| 
133.1 Equivalent Resistance 
Problem 1: 
10Q 249 S0Q 
60 O: 
Solution: 


20//(30+50) = 16, 24+ 16=40, 60/20 = 15 
R,, =10+(15+25)//40 = 10+ 20 = 30 


eq 


Problem 2: 
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60 2 


80 Q 


Req 
Solution: 


20//80 = 80x20/100 = 16, 6//12 = 6x12/18 =4 
The circuit is reduced to that shown below. 


peo | - 
Reg 


(4 + 16)//60 = 20x60/80 = 15 
R,, =15/15+5 


eq 


$Q 


Problem 3: 


Solution: 
3030 =15Q and 30[20 = 30x20/(50) = 12Q 
Rap = 15)(12 +12) = 15x24/(39) = 9.231 O 
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Problem 4: 


Solution: 
Rap = 10x20 + 20x5 + 5x10/(5) = 350/(5) 


Rye = 350/(10) = 35Q, Ra'c’ = 350/(20 
30 


Neer 
i 
|| 
~ 
a 


30|'70 = 30x 70/(100) = 218 and 35/( 15) = 35x15/(S0) = 10.5 


Rab = 25 + 17.5(21+4 10.5) = 25+17.5)31.5 
Rap =36.25 OD 
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13.4 Circuit Theorems 
13.4.1 Superposition Theorem: 
The superposition principle states that “the voltage across (or current through) an element in 
a linear circuit is the algebraic sum of the voltages across (or currents through) that element 
due to each independent source acting alone.” 
Steps to Apply Superposition Principle: 
1. Turn off all independent sources except one source. Find the output (voltage or current) 
due to that active source. 
2. Repeat step 1 for each of the other independent sources. 
3. Find the total contribution by adding algebraically all the contributions due to the 
independent sources. 
Example: 
Use the superposition theorem to findv in the 
following circuit. 
Solution: 
Since there are two sources, let 
V=V,+V2 
Wherev,and v2 are the contributions due to the 6-V 
voltage source and the 3-A_ current source, 
respectively. To obtainv, we set the currentsource to 
zero, as shown in Fig. (a). 
Applying KVL to the loop in Fig. (a) gives 
12i,-6=0 =>i,=0.5A 
Thus,v; = 41; =2V 


To getv, we set the voltage source to zero, as in Fig. ’3 
+ 
(b). 4Qs4% 3A 


(b) 


Using current division, 
iz =——_- 3) =2A 
is =Gy—%) 
Hence, vy = 4i, =8V 
And we find 
V=Vv,+v2=2+8= 10 V(Ans.) 
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13.4.2 Source Transformation Theorem: 
A source transformation is the process of replacing a voltage source v, in series with a 


resistor R by a current source is in parallel with a resistor R, or vice versa. 


R 
a 
U, + i, R 
7 b b 


5 iS A . Vv 
Source transformation requires that, v, =i,R or i, = e 


Example: 
Use source transformation to find v, in the following circuit. 


20 3.Q 
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Solution: 

We first transform the current and voltage 
sources to obtain the circuit in Fig. (a). 
Combining the 40 and 2Q resistors in 
series and transforming the 12-V voltage 
source gives us Fig. (b). We now combine 
the 3Q and 6Q resistors in parallel to get 
2Q.. We also combine the 2-A and 4-A 
current sources to get a 2-A source. Thus, 
by repeatedly applying source 
transformations, we obtain the circuit in 
Fig. (c). 

We use current division in Fig. (c) to get 


2 
eect seri 
i= ag 


And vy = 8i = 8(0.4) = 3.2 V(Ans.) 


(c) 


13.4.3 Thevenin’s Theorem: 

Thevenin’s theorem states that “‘a linear two-terminal circuit can be replaced by an equivalent 
circuit consisting of a voltage source Vy, in series with a resistor Rp, , where Vyp, is the 
open-circuit voltage at the terminals and Ry, is the input or equivalent resistance at the 
terminals when the independent sources are turned off.” 


a 
O 
+ 
V 
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Linear 
two-terminal 
circuit 


Vth = %e 


From the figure we get, 
Load current 


i: ie Vrn 
L.=——— 
Rey + Rp 
And, Load voltage 
Von 
V, =1,.R, = ————V. 
L LAL Ro, +R, Th 


Example: 

Find the Thevenin equivalent circuit of 
the circuit shown in Fig. to the left of the 
terminals then find the current through 
R, = 6, 16and 36Q. 


Solution: 


Basic Electrical Engineering 


Linear circuit with 
all independent 
sources set equal 
to zero 


We findRy,by turning off the 32-V voltage source (replacing it with a short circuit) and the 
2-A current source (replacing it with an open circuit). 


Now, Rr = {(4 1112) + 1} = 40 


4Q 12 
soe 
122 PtH 

b 
(3) 


{b) 
To find Vy,consider the circuit in Fig. (b). Applying mesh analysis to the two loops, we 
obtain 
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—32 + 4i, + 124, —i,) =0, ip =—2A 
Solving fori, , we get i; = 0.5 A.Thus, 
Vrn = 120, —i2) = 1200.5 + 2) = 30V 


The Thevenin equivalent circuit is shown in Figure. 42 i 
The current through is F 
Cas Vrn ss 320 { f 
“Ro tRp 44+Rp 30V Ry 
When R, = 6,1, =—=3A 
When R, = 16,1, =~ =1.5A 
20 b 


When Ry = 36,1, = = = 0.75 A(Ans.) 


13.4.4 Norton’s Theorem: 

Norton’s theorem states that “a linear two-terminal circuit can be replaced by an equivalent 
circuit consisting of a current source Iy in parallel with a resistor Ry, where Iy is the short- 
circuit current through the terminals and Ry is the input or equivalent resistance at the 
terminals when the independent sources are turned off.” 


a 
Linear a <=> 
two-terminal ly Ry 
b 
Necessary Equations: 
Rn = Rtn 
V. A 
Th - a eis 
re ye two-terminal Tea 
es circuit 
Vo 
Rtn = 7—~ = Rn 
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Example: 8Q 
Find the Norton equivalent circuit of a 
the following circuit at terminals a-b. 
2a 
b 


8Q 


Solution: 
We find Ry in the same way we find R-+in the Thevenin equivalent circuit. Set the 
independent sources equal to zero. This leads to the circuit in Fig. (a), from which we find 
Ry. Thus, 


Ry =5i(8+44+8) =5120=40 


(a) 
(b) 
To findIy,we short-circuit terminals aandb, as shown in Fig. (b). we ignore the 5Q resistor 
because it has been short-circuited. Applying mesh analysis, we obtain, 
i, =2A, 20i, —4i, -12 =0 
From these equations, we obtain 
ip =1A=i,, = In 


Thus, the Norton equivalent circuit is shown 
in the following figure. 


13.4.5 Maximum Power Transfer Theorem: 
Maximum Power Transfer Theorem states that “‘“maximum power is transferred to the load 
when the load resistance equals the Thevenin resistance as seen from the load (Ry, = Rryp).” 
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Proof: 
The power delivered to the load is 
V. 2 
—i2p— Th ) 
an Gtk Re 
For maximum power transfer 


d Vix \2 
i races + x) R| ras 


_— ya [Ron + Ri)? — 2RL (Ron + Rx) 
=> Vr, oT go eae 
(Rrn + Ry) 
=0 
Rr,» + RL — 2R 
=> va, |&m L Ru) =, 
(Rrp + Ry) 
This implies that 0 Rm Ry 
0 = (Rr + Ry — 2R,) = (Rtn — Rx) 
Which yields The maximum power transferred to the 
Ry = Rtn (proved) load is 
P= Vih 
max — 4Rry, 
Example: 


Find the value ofR, for maximum power transfer in the following circuit. Find the maximum 
power. 


62 32 2Q 4g 


Solution: 
We need to find the Thevenin resistance Ry, and the Thevenin voltage Vy, across the 
terminals a-b.To get Ry, we use the circuit in Fig. (a) and obtain ; 
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Rr, =2+3+(6112) =92 


62 302 22 
Rr 
129 —_— 
(a) . (b) 


To get Verh we consider the circuit in Fig. (b). Applying mesh analysis gives 
—12 + 181, - 122 =0, mh =—-2A 


Solving for i}, we get i) = —2/3. Applying KVL around the outer loop 
to get Vy, across terminals a-b, we obtain 


—12 + 63, + 37, + 2(0) + Vy, = 0 => Vy, = 22V 
For maximum power transfer, 
Ry = Rm = 90 


--- - and the maximum power is 
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